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ABSTRACT 


The  general  objective  of  this  study  was  to  determine  the  dynamic  re¬ 
sponse  of  a  buried  model  flexible-arch  troop  shelter  to  simulated  nuclear 
blast  overpressures.  To  accomplish  this,  a  model  structure  was  constructed 
using  a  geometric  scaling  ratio  of  1  to  4.5.  The  structure  was  buried  in 
dense,  dry  sand  with  the  depth  of  cover  over  the  crown  equal  to  one-fourth 
of  the  arch  diameter  and  tested  in  the  Waterways  Experiment  Station  Large 
Blast  Load  Generator.  A  series  of  five  tests  was  conducted  at  overpres¬ 
sures  ranging  from  37  to  177  psi  with  the  model  being  excavated  and  rebuilt 
after  each  test.  Strain,  acceleration,  and  deflection  were  measured  at 
various  points  on  the  structure;  measurements  were  also  made  of  the  pres¬ 
sure  inside  the  structure,  stress  and  acceleration  in  the  free  field,  and 
overpressure  at  the  soil  surface. 

Visible  damage  consisted  of  arch  deformation,  footing  deflection,  and 
fracture  of  the  end  truss  bulkhead  connector  at  the  higher  overpressures. 
All  transient  measurements  in  general  were  recorded  successfully.  The  re¬ 
sults  of  this  study  show  that  the  model  structure  as  designed  can  with¬ 
stand  almost  twice  the  design  overpressure  of  100  psi  for  large  duration 
times  (100  to  200  msec).  Redesign  of  the  truss  connector  can  be  accom¬ 
plished  as  detailed  in  Appendix  D  so  that  no  fracture  occurs  in  this  area. 

The  instrumentation  employed  is  described  in  detail  in  Appendix  A. 

Raw  and  computed  data  are  contained  in  Appendixes  B  and  C,  respectively. 
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PREFACE 


This  study  was  conducted  at  the  U.  S.  Army  Engineer  Waterways  Experi¬ 
ment  Station  (WES)  for  the  Office,  Chief  of  Engineers,  Department  of  the 
Army,  as  a  part  of  Task  03,  "Military  Engineering  Applications  of  Nuclear 
Weapons  Effects  Research,"  Project  4A022601A880-03 .  It  was  accomplished 
during  the  period  August  1965  through  October  1967  under  the  general  super¬ 
vision  of  Mr.  G.  L.  Arbuthnot,  Jr.,  Chief  of  the  Nuclear  Weapons  Effects 
Division,  and  under  the  direct  supervision  of  Mr.  W.  J.  Flathau,  Chief, 
Protective  Structures  Branch  (PSB).  This  report  was  prepared  by  Mr.  T.  E. 
Kennedy  of  PSB.  Mr.  G.  L.  Carre  assisted  during  all  phases  of  the  fab¬ 
rication  and  testing,  and  Mrs.  C.  M.  Lloyd  assisted  with  all  data  reduction. 
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Peixotto,  CE,  were  Directors  of  WES  during  the  conduct  of  this  study  and 
preparation  of  this  report.  Technical  Directors  were  Messrs.  J.  B.  Tiffany 
and  F.  R.  Brown. 
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NOTATION 


2 

A  Area,  in 

Dr  Relative  density  of  the  test  sand 

E  Modulus  of  elasticity,  psi 

g  Gravitation  constant,  32.2  ft/sec^ 

4  4/ 

I  Moment  of  inertia,  in  or  in  /in 

L  Length,  inches 

L^,  Footing  length,  inches 

Peak  transient  moment,  in- lb/in 

Peak  reflected  moment,  in-lb/in 

M  Steady-state  moment,  in-lb/in 

ss 

Np  Peak  transient  thrust,  lb/in 

N  Peak  reflected  thrust,  lb/in 

K 

N  Steady-state  thrust,  lb/in 

s  s 

Pj  Incident  peak,  psi 

Fin  Interior  pressure,  psi 

Reflected  peak,  psi 
Pgo  Surface  overpressure  peak,  psi 

R  Arch  radius,  inches 

R  Arch  rib  spacing  center  to  center,  inches 

S  o 

S  Section  modulus  of  timber  lagging  per  unit  width,  inyin 
t  Time  of  peak,  msec 

t  Rise  time  to  peak,  msec 

t  Time  of  reflected  peak,  msec 

w  Footing  width,  inches 

w'  Width  of  arch  rib  system  per  unit  area  of  arch,  ii^in 

X  Velocity,  in/sec 

•  • 

X  Acceleration,  g's 

6^  Dimensionless  footing  deflection 

6f  Footing  deflection,  inches 

8  Angle  up  from  footing,  degrees 

Flexural  stress  at  proportional  limit  in  timber,  psi 


«P 
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h  '  1 


$ 

aULT  Ultimate  plate  bearing  stress,  psi 
oy  Yield  stress,  psi 
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CONVERSION  FACTORS,  BRITISH  TO  METRIC  UNITS  OF  MEASUREMENT 


British  units  of  measurement  used  in  this  report  can  be  converted  to  metric 
units  as  follows. 


Multiply 

By 

To  Obtain 

inches 

25.4 

millimeters 

feet 

0.3048 

meters 

square  inches 

645.16 

square  millimeters 

cubic  yards 

0.7645549 

cubic  meters 

megatons 

0.9071847 

teragrams 

kips 

4.448222 

kilonewtons 

pounds  per  inch 

175.1268 

newtons  per  meter 

pounds  per  foot 

14.59390 

newtons  per  meter 

pounds  per  square  inch 

6.894757 

kilonewtons  per  square  meter 

kips  per  square  inch 

6.894757 

meganewtons  per  square  meter 

kips  per  square  foot 

4.788026 

kilonewtons  per  square  meter 

pounds  per  cubic  foot 

16.01846 

kilograms  per  cubic  meter 

microinches  per  inch 

0.001 

microns  per  millimeter 

inch-pounds  per  inch 

4.448222 

newton-meters  per  meter 
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CHAPTER  1 


INTRODUCTION 

1.1  BACKGROUND 

The  development  of  strategic  and  tactical  nuclear  weapons  and  effi¬ 
cient  delivery  systems  has  exposed  the  field  Array  to  all  the  hazards  of  nu¬ 
clear  warfare.  No  longer  is  the  nuclear  weapon  a  rarity  in  arsenals  of  the 
major  powers  of  the  world,  but  it  now  has  a  wide  range  of  yield  and  is  a 
relatively  inexpensive  form  of  explosive.  Currently,  the  envisioned  mili¬ 
tary  usage  of  these  weapons  ranges  from  barrier  formation  caused  by  crater¬ 
ing  action  to  destruction  of  bridges  and  other  individual  structures  to 
megalopolis  annihilation. 

If  a  modern  military  establishment  is  to  withstand  an  attack  by  such 
weapons,  the  various  units  (functions)  of  such  an  establishment  must  sur¬ 
vive  the  effects  of  these  weapons.  This  means  that  each  military  unit 
should  have  some  degree  of  protection,  the  level  of  protection  varying  with 
the  value  of  the  individual  unit.  Reduced  vulnerability  of  a  military  unit 
can  be  achieved  either  by  hardening  the  unit  or  by  duplicating  it;  obvi¬ 
ously,  there  is  a  trade  off  between  the  two  techniques.  As  the  importance 
of  the  functional  unit  increases,  generally,  the  cost  per  unit  also  in¬ 
creases,  so  that  the  cost  of  duplication  becomes  greater  and  the  value  of 
economical  hardening  increases.  The  requirements  of  providing  a  high  de¬ 
gree  of  hardening  for  the  individual  soldier  are  minimal,  whereas  an  impor¬ 
tant  command  center  would  require  a  high  degree  of  hardening. 

In  order  to  provide  a  field-shelter  concept  to  furnish  a  relatively 
hard  cover  for  field  use,  a  contract  was  awarded  to  N.  M.  Newmark  (NMN), 
Consulting  Engineering  Services,  Urbana,  Illinois,  by  the  U.  S.  Army  Engi¬ 
neer  Waterways  Experiment  Station  (WES),  Vicksburg,  Mississippi,  in  Decem¬ 
ber  1957  to  develop  an  economical  51-man  protective  troop  shelter  for  field 
use.  The  concept  was  to  provide  protection  against  the  effects  of  a  mega¬ 
ton1  nuclear  weapon  at  a  100-psi  air  overpressure  level.  In  addition,  the 


A  table  of  factors  for  converting  British  units  of  measurement  to  metric 
units  is  presented  on  page  12. 
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shelter  had  to  be  of  such  design  that  construction  could  be  completed 
within  one  week  by  a  51-man  platoon.  Results  of  this  work  were  published 
in  Reference  1.  Based  on  considerations  of  economy,  hardness  level,  radia¬ 
tion  protection,  and  ease  of  construction,  an  underground  flexible  struc¬ 
ture  to  be  placed  in  soil  above  the  ground  water  table  was  selected. 

The  prototype  shelter  is  ]£  by  48  feet  in  plan  and  is  to  be  supplied 
in  12- foot-long,  air-droppable  modular  kits.  The  shelter  and  entrance  com¬ 
plexes  are  shown  in  Figures  1.1  and  1.2.  The  shelter  consists  of  8-foot- 
radius  steel  arch  ribs,  which  support  timber  blocks.  These  ribs  are  made 
of  rolled  or  forged  quarter-circle,  split,  structural  tees  with  the  stem 
of  the  tee  turned  out.  The  rib  sections  are  welded  to  bearing  plates  which 
are  bolted  to  a  crown  or  ridge  timber  and  to  a  composite  heavy  timber  and 
steel  channel  footing  at  the  base.  The  timber  blocks  forming  the  roof  are 
supported  by  the  flanges  of  the  tees.  The  end  rib  is  made  of  an  angle  sec¬ 
tion  that  frames  and  supports  the  top  of  the  end  bulkhead.  The  forces  at 
the  base  of  the  bulkhead  are  resisted  by  a  welded  steel  truss  reacting 
against  the  footings  of  the  structure.  Vertical  wide-flange  beams  extend 
from  the  truss  to  the  arch  end  rib.  The  bulkhead  wall  is  formed  by  placing 
timber  blocks  horizontally  between  the  webs  of  the  vertical  beams;  the 
blocks  are  held  in  place  by  angle  sections  welded  to  the  webs.  Ingress  and 
egress  are  provided  by  means  of  separate  entrance  kits  which  can  be  used  at 
either  or  both  ends.  The  entrance  complex  also  provides  space  for  ventila¬ 
tion  equipment,  a  power  generator,  and  fuel  storage. 

The  mechanism  of  load  transfer  to  a  buried  structure,  sometimes  re¬ 
ferred  to  as  soil  arching,  is  not  fully  understood.  Because  of  this  un¬ 
certainty,  it  is  necessary  to  overdesign  such  structures — a  procedure 
which  usually  produces  an  uneconomical  structure  that  may  not  necessarily 
be  safe.  A  full-scale  nuclear  field  test  is  the  ideal  method  of  design 
verification;  however,  because  of  the  moratorium  on  atmospheric  nuclear 
testing,  it  was  decided  to  conduct  a  series  of  design  verification  tests 
on  a  model  of  the  shelter  in  the  WES  Large  Blast  Load  Generator  (LBIfi). 
Consequently,  the  contract  with  NMN  was  extended  to  encompass  the  design 
of  a  scale  model  of  the  field  shelter  and  to  propose  a  test  program  to 
verify  structural  adequacy  of  the  prototype  (Reference  2). 
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1.2  OBJECTIVES 

The  basic  objective  of  the  study  reported  herein  was  to  determine,  in 
a  general  manner,  the  response  characteristics  of  a  model  of  the  flexible - 
arch  troop  shelter  when  subjected  to  the  design  overpressure  of  100  psi  and 
to  determine  the  ultimate  load-carrying  capability  of  the  structure.  Spe¬ 
cific  objectives  were  (1)  to  determine  areas  of  weakness  in  the  design  and 
to  modify  the  design  to  overcome  these  weaknesses  and  (2)  to  determine 
footing  response  and  extrados  loading. 

1.3  SCOPE 

A  model  structure  was  constructed,  and  a  series  of  tests  was  conducted 
using  overpressures  below,  up  to,  and  exceeding  the  design  overpressure. 
Including  the  pilot  test  reported  in  Reference  3>  six  tests  were  conducted 
at  overpressures  ranging  from  37  to  177  psi.  All  tests  were  conducted 
dynamically  in  dense  dry  sand  with  the  crown  of  the  structure  buried  one- 
fourth  the  diameter  of  the  arch  below  the  soil  surface.  Measurements  were 
made  of  surface  air  oveipressure ,  structural  strain,  accelerations,  deflec¬ 
tion,  and  free-field  response  in  the  vicinity  of  the  structure. 

1.4  SCALING  CONSIDERATIONS 

The  scaling  of  the  model  is  outlined  in  detail  in  Reference  2  and  will 
be  briefly  discussed  in  the  following.  The  model  was  constructed  from  the 
same  materials  as  the  prototype,  and  the  linear  dimensions  were  changed 
by  a  factor  of  l/4.5.  Using  this  scaling,  the  soil  stresses  at  these  shal¬ 
low  depths  due  to  the  applied  loads  are  assumed  the  same  in  both  the  model 
and  prototype;  consequently,  the  applied  loads  are  assumed  to  be  the  same. 
The  scaled  differences  in  dead- load  stresses  were  ignored  since  these 
stresses  are  small  compared  to  the  applied  dynamic  loads.  Whenever  minor 
deviations  from  geometrical  scaling  were  required,  the  areas  or  moments 
of  inertia  were  scaled,  e.g.,  for  axial  or  shear- loaded  members  the  areas 
were  scaled  as  (l/4.5)^  ,  and  for  members  loaded  in  flexure  the  section 
modulus  was  scaled  by  (l/4 .5  r  .  Some  values  of  response  parameters  are 
given  in  Table  1.1  for  the  model  and  prototype. 


15 


•i 

% 


TABLE  1.1  MODEL  AND  PROTOTYPE  RESISTANCE  AND  RESPONSE  PARAMETERS 
Symbols  used  are  defined  in  the  Notation  which  precedes  the  text. 


Response  Mode 

Relation 

Prototype 

Value 

Model 

Value 

Rib  compression 
mode  resistance 

Za l 

^s 

124  psi 

152  psi 

Rib  buckling 
mode  resistance 

3EI 

R3R 

s 

2 6  psi 

34  psi 

Timber  lagging 
flexural  resistance 

L2 

260  psi 

266  psi 

Compression  mode 
period  (no  soil) 

2tt(R)  | 

yEAg  ) 

1/2 

2.9  msec 

0.677  msec 

Flexural  mode 
period  (no  soil) 

1.28tt/ 

f  w'  \ 

,EIgJ 

1/2 

139  msec 

29*8  msec 

1 6 


U33Jl/!-a 


Figure  1.1  Field  shelter  in  place  with  entrance. 


CHAPTER  2 
PROCEDURE 

Five'1'  tests  (Shots  1  to  5.)  were  conducted,  during  the  test  series. 

With  the  exception  of  Shot  1,  the  model  was  excavated  after  each  test. 

Shot  2  was  a  repeat  loading  of  the  Shot  1  configuration.  On  excavation 
after  each  shot,  all  damaged  components  arid  all  fasteners  (nuts,  bolts, 
etc.)  were  replaced. 

2.1  STRUCTURE 

2.1.1  General  Description.  The  design  of  both  the  prototype  and  the 
model  is  described  in  detail  in  References  1  and  2,  the  model  (hereafter 
called  the  structure)  being  a  scale  (l/4 . 5 )  version  of  the  prototype.  The 
physical  properties  of  the  steel,  wood,  etc.,  used  in  construction  of  the 
structure  are  given  in  Reference  3*  The  structure  is  a  free-end  arch  com¬ 
posed  of  steel  irverted-tee  ribs  spanned  by  timber  elements.  The  footings 
are  made  of  timber  held  together  by  steel  channel  elements.  The  ends  of 
the  structure  are  closed  by  means  of  bulkheads  composed  of  four  steel  I- 
beam  uprights  filled  between  with  timber  elements.  Reaction  at  the  base 
of  the  I-beams  is  taken  by  a  steel  end  truss  reacting  on  the  footing  ends. 

Assembly  of  the  structure,  and  in  like  manner  the  prototype,  is  ini¬ 
tiated  by  assembling  and  placing  the  two  footings  (Figure  2.1a).  Each 
footing  is  assembled  by  bolting  steel  channels  on  both  sides  of  timber 
sills.  The  sill  timber  joints  do  not  coincide  with  the  channel  joints 
(Figure  2.1a).  Next  in  the  assembly  process,  the  arch  crown  timber  is 
placed,  ribs  are  raised,  and  end  trusses  are  bolted  in  position  (Figure 
2.1b).  To  complete  the  steel  construction,  the  bulkhead  beams  are  raised 
and  bolted  (Figure  2. Id).  The  wooden  blocks  forming  the  roof  are  placed 
next,  and,  finally,  the  wooden  block  bulkheads  are  positioned.  Figure  2.1e 


1  The  pilot  test  was  reported  in  Reference  3  and  is  not  considered  to  be 
part  of  this  series.  However,  the  data  obtained  from  the  pilot  test  are 
included  whenever  data  plots  are  shown  since  they  are  pertinent. 
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shows  an  end  view  of  the  structure  bulkhead,  and  Figure  2. If  shows  the 
model  with  a  section  of  the  arch  roof  removed. 

2.1.2  Arch  Ribs.  The  arch  ribs  were  fabricated  from  6  by  1-7/8 
junior  beams,  each  beam  being  ripped  down  its  length  and  then  trimmed  to 
form  a  1.09-inch-deep  tee  section.  All  dimensions  were  held  to  +0.005  inch. 
To  form  the  required  arch,  the  tee  angle  sections  were  cold  rolled  using 
special  roller  adapters  to  prevent  distortion  of  the  stems  and  outstanding 
angle  legs.  Bearing  plates  were  welded  to  the  structural  tee  to  complete 
the  rib  fabrication. 

2.1.3  Wooden  Elements.  All  wooden  elements  were  made  of  clear 
coastal-region  Douglas  fir.  Besides  the  footings,  the  other  wooden  ele¬ 
ments  were  the  crown  timber  running  the  length  of  the  arch  crown,  and  the 
roof  and  bulkhead  blocks.  The  roof  blocks  were  slightly  tapered  to  con¬ 
form  with  the  cu’wature  of  the  roof.  The  bulkhead  blocks  were  of  various 
sizes  to  conform  to  the  beam  spacing.  Two  short  blocks  were  required  be¬ 
cause  of  the  rib  joint  at  the  crown. 

2.1.4  Bulkhead  and  Truss.  The  bulkheads  consist  of  four  main  verti¬ 
cal  beams  and  two  small  columns,  one  at  each  footing.  These  beams  bolt  to 
a  truss  at  their  base,  which,  in  turn,  reacts  against  the  ends  of  both 
footings.  There  are  four  bolts  at  the  base  of  each  beam  connecting  the 
beam  and  the  truss.  The  beams  and  truss  are  shown  in  Figures  2.1c  and 

2. Id.  The  spaces  between  the  beams  are  filled  with  the  bulkhead  blocks 
(described  in  Section  2.1.3)  which  are  held  in  place  by  a  pair  of  angles 
welded  to  the  centers  of  the  beams . 

2.2  TEST  CONFIGURATION 

2.2.1  Test  Device.  The  tests  reported  herein  were  conducted  in  the 
LB IG,  a  device  that  will  simulate  the  blast  effects  of  a  nuclear  device. 

It  is  used  primarily  for  testing  semihard  underground  protective  structures 
and  can  produce  airblast  overpressures  to  500  psi  on  a  23-foot-diameter  by 
10- foot-deep  soil  specimen.  Basically,  the  LBLG  consists  of  four  major 
components  (l)  Central  Firing  Station  (CFS),  (2)  test  chamber,  (3)  firing 
tube  assembly,  and  (4)  platen  and  rail-lift  mechanism. 

The  CFS  is  a  massive  concrete  structure,  reinforced  in  three 
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directions  with  prestressed  steel  rods  and  cables.  It  is  essentially  a 
rectangular  block  with  an  opening  through  it  and  serves  as  a  reaction 
structure  for  the  test  chamber. 

The  test  chamber  which  contained  the  structure  is  formed  by  stacking 
three  large  steel  rings,  one  on  top  of  the  other,  on  a  movable  platen.  Af¬ 
ter  soil,  structure,  and  instrumentation  placement  is  completed,  the  ring 
containing  the  firing  tubes  and  the  chamber  bonnet  or  lid  are  set  in  place. 
This  assembly  is  rolled  into  the  CFB,  and  the  platen  is  lowered  to  the 
floor,  after  which  the  top  ring  is  raised  to  rest  firmly  against  the  ceil¬ 
ing  of  the  CFS.  The  test  is  then  conducted  by  detonating  the  explosive 
charges  placed  previously  in  the  firing  tubes.  Primacord  (pentaerythritol 
tetranitrate)  is  used  as  the  explosive  charge.  The  firing  tube  assembly 
consists  of  15  cylindrical  steel  tubes,  perforated  with  numerous  round 
holes  to  permit  the  escape  of  the  gases  generated  by  the  detonation  of  the 
explosive.  A  rigid  grid  of  baffle  plates  supported  below  the  firing  tube 
assembly  provides  support  for  the  assembly  and  serves  to  smooth  out  the 
blast  wave  that  is  generated. 

A  detailed  description  of  the  test  device  and  its  supporting  equipment 
is  given  in  Reference  4,  and  a  detailed  evaluation  of  the  free-field  re¬ 
sponse  is  given  in  Reference  5 • 

2.2.2  Test  Layout.  All  tests  were  conducted  in  the  LBLG  with  the 
test  chamber  filled  with  sand  to  a  height  of  10  feet.  The  surface  of  the 
sand  specimen  was  covered  with  an  8-mil  plastic  membrane  material  which  was 
in  turn  covered  by  a  2 -inch  sand  layer  to  prevent  burning.  The  plastic  mem¬ 
brane  was  also  used  to  seal  the  structure  to  prevent  sand  from  filtering 
into  the  structure  interior.  The  location  Of  the  structure  in  the  test 
chamber  is  shown  in  Figure  2.2.  The  depth  of  crown  cover  was  H-l/32  inches, 
which  corresponds  to  a  depth  of  one-fourth  the  diameter  of  the  structure. 

The  total  depth  to  the  lower  surface  of  the  footing  was  35-5/32  inches. 

2.2.3  Specimen  Construction.  Two  methods  of  sand  placement  were  used 
during  the  construction  of  each  test  configuration.  Below  the  level  of  the 
structure  footings,  the  sand  was  placed  in  6- inch  lifts  with  each  being 
vibrated.  After  the  structure  was  assembled  in  the  LBLG  and  the  free-field 
instrumentation  was  placed,  a  sprinkling  technique  was  used  to  build  the 
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remainder  of  the  sand  specimen  to  avoid  any  risk  of  damage  to  the  extensive 
instrumentation.  During  this  process,  the  sand  is  dropped  through  a  series 
of  nozzles  and  a  screen  with  a  drop  height  of  approximately  30  inches.  A 
vibrator  is  used  on  the  side  of  the  sand  hopper  to  promote  sand  flow 
through  the  nozzles.  A  detailed  description  of  this  placement  method  can 
be  found  in  Reference  6. 

Soil  tests  were  conducted  to  determine  the  in  situ  physical  properties 
of  the  sand  surrounding  the  structure  prior  to  each  test.  It  was  deter¬ 
mined  that  the  uniformity  using  the  placement  techniques  described  above 
was  good,  with  a  slightly  lower  density  resulting  from  vibration  than  from 
sprinkling.  The  density  data  are  tabulated  in  Table  2.1.  Static  plate¬ 
bearing  tests  were  conducted  at  footing  level  to  obtain  load-carrying  data 
at  this  level.  These  data  are  shown  in  Figure  2.3* 

2.3  SOIL  PROPERTIES 

The  sand  used  as  the  backfill  during  these  tests  was  obtained  from  a 
natural  deposit  along  the  Big  Black  River  in  Warren  County  near  Yokena, 
Mississippi,  and  is  locally  called  Reid-Bedford  model  sand.  This  sand  is 
a  clean,  uniform,  fine  sand  (classified  as  SP  according  to  the  Unified  Soil 
Classification  System)  with  particles  that  are  partly  subangular  and  partly 
subrounded.  The  grain-size  distribution  is  shown  in  Figure  2.4.  The  ef¬ 
fective  grain  size  (D1Q)  is  0.l6  mm,  and  the  uniformity  coefficient  is 
1.15.  The  specific  gravity  of  the  solids  is  2.65.  The  minimum  and  maximum 
densities  are  86.0  and  105.3  pcf,  respectively,  which  correspond  to  void 
ratios  of  0.924  and  O.57O.  The  relation  between  the  angle  of  internal 
friction  and  relative  density  is  shown  in  Figure  2.5.  This  relation  was 
obtained  from  a  series  of  stress-controlled,  consolidated-drained,  direct- 
shear  tests  at  several  initial  relative  densities  under  normal  pressures  of 
1,  3»  and  6  kips/ft  .  One -dimensional  static  confined  compression  curves 
are  shown  in  Figure  2.6. 

A  series  of  tests  was  conducted  on  this  sand  by  United  Research  Serv¬ 
ices,  Inc.  (Reference  7),  to  determine  its  dynamic  characteristics.  A  test 
device  which  had  relatively  rigid  confining  boundaries  was  used  to  obtain 
the  one-dimensional  stress  characteristics  of  the  sand.  Quasi-static 
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(loading  rate  too  slow  to  produce  wave  phenomenon)  and  dynamic  (based  on 
wave  propagation)  stress-strain  results  are  shown  in  Figure  2.7*  Stress 
wave  propagation  velocity  and  peak  particle  velocity  data  are  shown  in 
Figure  2.8. 
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TABLE  2.1  PRESHOT  SOIL  DENSITIES 

Shot  2  was  a  repeat  loading  of  the  Shot  1  configuration;  therefore,  the  structure  was 
not  excavated  and  soil  densities  \*ere  not  determined. 


Elevation 

Radius 

Direction 

Unit  Weight 

with  Respect 
to  Footing 

Level 

feet 

feet 

pcf 

Preshot  1: 

-3.0 

6.50 

NE 

100.4 

6.50 

SE 

100.5 

6.50 

SW 

100.1 

6.50 

NW 

99-5 

Average 

100.1 

0.0  (footing 
level) 

8.00 

N 

100.8 

8.00 

E 

101.0 

8.00 

S 

101.0 

8.00 

W 

100.4 

Average 

100.8 

■*2.8 

9.80 

N 

101.3 

9.80 

E 

100.8 

9.80 

S 

102.4 

9.80 

W 

102.6 

Average 

101.8 

Preshot  3: 

0.0  (footing 
level) 

8.00 

N 

99.4 

8.00 

E 

100.0 

8.00 

S 

100.5 

8.00 

W 

99.6 

Average 

99-9 

Preshot  4: 

0.0  (footing 
level) 

8.00 

N 

100.3 

8.00 

E 

102.6 

8.00 

S 

100.1 

8.00 

W 

101.2 

Average 

101.0 

+2.8 

10.00 

N 

102.5 

9.00 

N 

100.7 

9.00 

S 

102.5 

10.00 

S 

100.3 

Average 

101.5 

Preshot  5: 

0.0  (footing 
level) 

8.00 

N 

101.0 

8.00 

E 

100.3 

8.00 

S 

100.8 

8.00 

W 

99.4 

Average 

100.4 
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a.  Structure  footings  assembled  and  in  position. 


b.  Structure  with  crown  timber  and  six  ribs  in  position. 


c.  Structure  with  ribs  raised  and  bulkhead  edge  support 
channels . 

Figure  2.1  Steps  in  structure  assembly  (Sheet  1  of  2). 
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f.  General  view  of  structure  with  a  portion  of  the  roof 
lagging  removed. 


Figure  2.1  (Sheet  2  of  2). 
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Figure  2.5  Relation  bet 
and  density  for  the  test 
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Figure  2.7  Stress-strain  curves  for  the  test  sand 
density  99*7  pcf. 


CHAPTER  3 
RESULTS 

The  data  results  of  this  study  are  presented  in  tabular  form  in  Appen¬ 
dix  A,  Appendix  B  contains  time  histories  of  the  test  records,  and  Appen¬ 
dix  C  contains  computed  data  based  on  the  raw  data.  Typical  records  are 
presented  throughout  the  main  text  of  this  report  whenever  their  inclusion 
is  believed  of  value  to  the  reader. 

3.1  LOADING  INPUT 

3.1.1  Surface  Airblast.  Typical  of  the  surface  airblast  overpres¬ 
sure  (P  )  histories  is  the  presence  of  a  number  of  small  shocks  during  ap¬ 
proximately  the  first  10  msec  of  response.  These  shocks  are  due  to  reflec¬ 
tions  occurring  within  the  baffle  and  firing  tubes  and  are  a  result  of  the 
pressure-generation  geometry.  The  action  of  the  soil  is  such  that  it  tends 
to  smooth  out  the  airblast  wave  as  it  is  transferred  into  and  propagates 
through  the  soil.  This  being  true,  the  presence  of  the  high-frequency 
spikes  in  the  airblast  wave  has  little  effect  on  subsurface  structures; 
consequently,  a  relatively  smooth  pressure  signature  was  determined  for 
each  shot  in  the  test  series  by  dividing  the  overpressure  histories  into 
a  number  of  time  increments,  selecting  a  mean  pressure  value  for  each  time 
increment,  being  careful  to  preserve  impulse,  and  constructing  a  smooth 
curve  using  the  mean  values.  Based  on  the  individual  smoothed  curves,  a 
composite  surface  airblast  overpressure  history  was  constructed  for  each 
shot  by  averaging  all  the  individual  smoothed  peak  pressures  to  arrive  at 
a  peak  surface  airblast  overpressure.  Using  this  peak  value,  all  of  the 
smoothed  curves  were  normalized  and  averaged  together  to  give  the  composite 
surface  airblast  overpressure  curves  shown  in  Figure  3»1*  The  composite 
peak  pressures  are  close  (within  10  percent)  to  those  predicted,  based  on 
total  weight  of  explosive  used,  and  show  a  difference  of  not  more  than  10 
percent  in  the  values  averaged  to  obtain  the  normalizing  peak  overpressure. 

Certain  of  the  recorded  data  were  judged  invalid,  and  these  data  were 
not  considered  in  the  construction  of  the  composite  curves.  If  an  indi¬ 
vidual  smoothed  peak  pressure  was  appreciably  (50  percent)  nigher  or  lower 
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than  predicted  based  on  explosive  weight  it  was  eliminated.  For  example, 
in  the  case  of  Shot  4  only  record  BP(6965)  was  used  since  both  SP1  and  SP2 
indicated  pressures  even  lower  than  Shot  3.  During  the  period  of  Shot  4 
almost  all  of  the  airblast  transducers  were  diverted  from  the  Blast  Load 
Generator  Facility  for  use  on  a  high-priority  field  test.  The  record  for 
Gage  BP(6965)  does  not  appear  to  have  been  reliable  much  past  peak  as  can 
be  seen  when  comparing  the  impulse  curves  for  the  various  shots  (Figure 
3.2).  This  figure  shows  the  impulse  for  Shot  4  was  less  than  that  for 
Shot  3  which  was  a  lower  energy  shot.  The  impulse  data  indicate  that  with 
the  exception  of  Shot  4,  the  impulse  increased  as  expected. 

A  portion  of  the  tape  playback  for  Gage  SP1,  Shot  3»  is  shown  in  Fig¬ 
ure  3*3  along  with  the  condensed  composite  record  for  Shot  3*  The  only 
sets  of  pressure  records  indicating  duration  were  obtained  for  Shots  3 
and  4.  Generally,  the  high  temperature  at  the  soil  surface  causes  the 
pressure  gages  to  begin  drifting  after  about  400  msec,  and  eventually  to 
register  a  negative  pressure.  On  Shot  3  this  did  not  occur  and  some  con¬ 
fidence  can  be  attached  to  the  duration  observed.  A  duration  was  observed 
in  Shot  4  without  negative  pressure  registration,  but  the  poor  impulse  cor¬ 
relation  raises  some  doubt  as  to  the  validity  of  this  duration  time.  Tabu¬ 
lated  in  Table  3.1  are  the  surface  airblast  overpressure  parameters  as 
measured  for  each  shot. 

3.1.2  Free  Field.  Free-field  stress  and  acceleration  data  were  taken 
during  the  test  series.  Shots  3  and  4  were  extensively  instrumented  while 
Shots  1,  2,  and  5  were  lightly  instrumented.  These  data  are  tabulated  in 
Tables  A. 3  and  A. 4,  respectively. 

3.2  VISUAL  DAMAGE  SURVEY 

3.2.1  General  Gross  Motion  and  Damage.  Shots  4  and  5  were  the  only 
tests  in  which  the  gross  motion  of  the  structure  was  sufficient  to  create 
a  noticeable  depression  of  the  sand  surface  in  the  vicinity  immediately 
above  the  structure  (Figure  3*4).  It  became  evident  during  excavation  of 
the  structure  that  the  depression  was  caused  by  the  vertical  deformation 
of  the  steel  ribs  and  downward  deflection  of  the  footings.  While  consid¬ 
erable  displacement  and  deformation  of  the  structure  were  noted  after 

35 


i 


Shot  3)  no  definite  depression  was  observed.  Shown  in  Figure  3*5  is  a  se¬ 
quence  of  photographs  showing  the  structure  crown  curvature  after  Shots  3> 
4,  and  5* 

3.2.2  Component  Damage.  In  every  shot,  the  crown  timber  suffered 
damage.  It  appears  to  have  been  twisted  and  to  have  acted  like  a  buffer 
absorbing  some  of  the  thrust  forces.  At  the  lower  overpressures  (PgQ 
<85psi),  the  crown  timber  split  slightly.  However,  at  the  higher  over¬ 
pressures,  extensive  splitting  due  to  twist  and  crushing  occurred  (Fig¬ 
ure  3.6).  No  damage  was  done  to  the  timber  lagging  until  Shot  5 •  During 
this  shot  the  rib  deformation  was  extensive  enough  to  allow  the  lagging  to 
bear  on  the  footing  and  to  take  some  of  the  thrust  loading  in  compression. 
This  caused  some  visible  compressive  damage  to  the  lagging;  however,  the 
damage  was  slight  and  was  structurally  insignificant. 

The  footings  were  damaged  extensively  at  the  high  overpressures,  but 
were  only  slightly  damaged  at  overpressures  below  120  psi.  They  generally 
were  bent  inward  and  downward  in  the  central  region  after  each  shot.  This 
inward  deformation  can  be  seen  in  Figure  3*7  which  shows  the  damage  to  the 
three  sets  of  footings  from  Shots  3  to  5*  Parts  of  the  footings  for 
Shot  3  were  misplaced  and  are  shown  as  black  dummy  sections  in  the  figure. 
Generally,  the  damage  was  greater  with  increasing  overpressure  as  can  be 
clearly  seen  in  Figure  3.8,  a  photograph  of  a  section  cut  through  the  foot¬ 
ing  below  Rib  9.  Also  shown  in  this  figure  is  the  deformation  of  the  foot¬ 
ing  caused  by  the  timber  lagging  as  it  was  forced  into  the  supporting  foot¬ 
ing  during  Shot  5« 

Some  attempt  was  made  to  determine  if  a  significant  amount  of  spalling 
and  motion  of  the  sand  floor  occurred  during  Shots  4  and  5-  In  these  shots 
a  tape  strip  was  placed  vertically  at  about  the  center  of  the  east  side  of 
the  structure  floor  to  try  to  measure  the  extent  the  sand  surface  moved 
upward.  Figure  3.9  shows  the  sand  distribution  obtained.  This  record 
indicates  that  the  interior  floor  moved  up  about  1.45  inches  and  the  sand 
particles  were  thrown  to  a  height  of  about  5.40  inches  above  the  original 
floor  level.  The  tape  for  Shot  5  did  not  yield  favorable  results.  How¬ 
ever,  the  interior  floor  accelerometer,  51VA,  was  thrown  up  and  displaced 
from  its  preshot  location  below  a  sandbag  (Figure  3*10) •  This 
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accelerometer  was  not  displaced  during  Shot  4,  which  indicated,  as  ex¬ 
pected,  that  the  floor  was  disturbed  to  a  greater  degree  during  Shot  5  • 

The  only  serious  damage  at  low  overpressure  occurred  at  the  connecting 
bolts  between  the  bulkhead  beams  and  the  end  trusses.  Damage  was  first 
noticed  here  during  the  pilot  test  (Figure  3.1l)>  and  was  initially  attrib¬ 
uted  to  insufficient  bolt  area  causing  high  shearing  stresses  to  occur. 
Consequently,  the  bolt  sizes  for  future  shots  were  increased  slightly  to 
provide  additional  shear  area.  During  Shots  1  and  2,  the  same  damage  oc¬ 
curred  (see  inset,  Figure  3*11).  After  closer  examination,  it  was  decided 
that  the  end  truss  extending  out  into  the  free  field  acted  like  a  paddle, 
tending  to  rotate  as  the  structure  moved  downward.  This  rotation  occurred 
about  the  inner  bolt  and  sheared  the  bolts  off  starting  wj th  the  outer  one 
as  shown  in  the  inset  of  Figure  3 .11.  A  redesign  of  the  connection  was 
made  using  a  pin  connector  which  allows  rotation.  The  redesign  used  the 
original  shear  area  of  the  four  bolts  as  the  area  of  the  pin  and  is  de¬ 
tailed  in  Appendix  D.  Testing  was  continued  using  the  modified  connectors 
during  Shots  3>  4,  and  5.  During  Shot  3,  excessive  rotation  caused  cracks 
to  appear  in  the  tongue  between  the  bulkhead  beams  and  the  end  truss  (Fig¬ 
ure  3.12a).  Possibly,  this  distress  was  due  to  fatigue  since  this  compo¬ 
nent  had  been  tested  three  times  previously  at  lower  overpressures.  Prior 
to  Shot  4,  the  end  truss  tongues  were  replaced  and  rotation  cracks  appeared. 
Again  the  tongues  were  replaced  and  during  Shot  5  complete  failure  occurred 
(Figure  3.12b).  The  fact  that  complete  failure  did  not  occur  during  Shot  4 
seems  to  indicate  that  the  Shot  3  distress  was  due  in  part  to  fatigue. 
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TABLE  3.1 

SUBPACE  AIBBLAST  OVERPRESSURE 

PARAMETERS 

Shot 

Peak  Pressure 

Duration 

Rise  Time 

psi 

msec 

msec 

Pilot 

85 

a§a» 

1.0 

1 

37 

aa« 

1.6 

2 

67 

■  ■ 

1.0 

3 

117 

956 

0.5 

4 

143 

950 

0.4 

5 

177 

-- 

0.5 
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SURFACE  AIRBL  AST 


Figure  3*3  Typical  airblast  data 


42 


Figure  3-4  Depression  in  the  sand  surface  caused  by  the  gross  motion  of  the  structure 
during  Shot  4.  Note  the  presence  of  airblast  Gage  SP1  in  the  upper  left-hand  corner. 


Figure  3*5  Postshot  crown  curvature. 
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b .  Shot  3  • 


Figure  3«6  Postshot  damage  to  crown  timber. 
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7  Postshot  view  of  the  damaged  footings  showing  the  punching  damage.  Note 
inward  bow  of  the  Shot  5  footings. 


Figure  3.9  Sand  spall  of  the  interior  floor  surface 
during  Shot  4. 
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b.  .Postshot  5.  Shear  damage  to  the  Beam  2  connector 
tongue. 


Figure  3.12  Damage  to  the  redesigned  bulkhead  beam 
truss  connector. 
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CHAPTER  4 

DISCUSSION  OF  RESULTS 

4.1  STRUCTURAL  LOADING 

4,1,1  Free  Field.  The  test  results  and  past  experience  in  the  LBLG 
show  that  the  surface  overpressure  level  generally  does  not  affect  the  ini¬ 
tial  shape  of  the  soil  stress  wave  or  the  shape  of  the  acceleration  pulse 
for  overpressures  in  the  range  of  interest.  Soil  stress  peaks  are  affected 
by  overpressure  as  is  stress  wave  velocity.  Figure  4.1  shows  the  velocity 
of  the  stress  wave  across  the  structure  as  a  function  of  overpressure  and 
also  shows  the  engulfment  time.  As  shown,  the  velocity  increases  with  over 
pressure  up  to  about  100  psi  and  then  becomes  fairly  constant  at  about 
875  ft/sec.  The  data  from  Shot  2  indicate  that  the  velocity  through  the 
previously  loaded  material  was  significantly  higher  than  through  a  virgin 
specimen  at  the  same  overpressure.  The  presence  of  the  structure  does  not 
seem  to  have  a  significant  effect  on  the  surrounding  stress  field.  How¬ 
ever,  the  limited  quantity  of  data  taken  and  the  uncertainty  involved  in 
making  soil  stress  measurements  under  dynamic  conditions  make  this  conclu¬ 
sion  rather  uncertain. 

Based  on  the  test  data,  the  ratio  of  the  horizontal  to  vertical  soil 
stress  is  about  0.52  and  the  ratio  of  the  incident  soil  stress  to  that  re¬ 
flected  off  the  LBLG  bottom  about  0.62.  The  reflection  arrives  at  the 
footing  level  around  17  msec  after  zero  time  and  is  traveling  at  a  higher 
velocity  than  the  incident  stress  wave,  since  it  is  passing  through  a  pre¬ 
stressed  medium.  It  is  no  longer  a  shock,  but  has  a  relatively  long  rise 
time  (2  or  3  msec),  and  since  it  is  acting  mainly  on  the  underside  of  the 
structure,  hence  affecting  mainly  the  footing  area,  its  influence  on  arch 
response  is  not  as  great  as  that  of  the  incident  loading.  Assuming  that 
there  is  little  attenuation  of  the  stress  wave  as  it  passes  through  the 
first  few  feet  of  soil,  the  incident  soil  stress  acting  on  the  structure 
is  essentially  the  same  as  the  surface  airblast  overpressure.  Figure  4.2 
shows  an  ideal  soil  stress  shape  based  on  the  above  discussion  and  a  typi¬ 
cal  record 'from  Shot  3* 

The  quality  and  quantity  of  the  free-field  motion  data  are  such  that 
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no  meaningful  analysis  can  be  made.  The  peaks  are  tabulated  in  Table  A. 4 
and  the  integrated  velocity  and  displacement  data  presented  in  Appendix  C. 

4,1,2  Radial  Interface  Loading.  The  load  on  the  arch  in  the  radial 
direction  was  measured  with  strain  gages  attached  to  the  inside  surface  of 
six  of  the  arch  blocks.  After  calibrating  these  blocks  with  a  single  point 
loading,  they  were  then  placed  at  various  locations  at  one  arch  section 
near  the  center.  Because  the  exact  pressure  distribution  on  these  blocks 
is  unknown,  there  is  no  way  to  correlate  between  the  calibrated  load  and 
the  exact  load  except  in  a  qualitative  manner.  To  do  this,  it  was  assumed 
that  the  load  distribution  on  the  blocks  under  dynamic  loading  was  the  same 
during  each  shot  and  was  the  same  on  each  block. 

Because  of  the  reflected  soil  stress  wave,  there  was  a  reflected  peak 
in  the  interface  loading  as  well  as  the  incident  load  level.  The  incident 
load  is  considered  to  be  the  significant  load.  In  order  to  compare  the 
radial  load  distribution  from  shot  to  shot  and  at  various  times,  all  data 
from  a  shot  were  normalized  by  dividing  by  the  peak  value  of  the  transient 
load  measured  during  a  shot.  These  data  are  tabulated  in  Table  4.1  and 
shown  in  Figure  4.3.  The  data  generally  fall  in  two  sets,  one  being  the 
two  low-pressure  shots  and  the  other  being  the  three  higher-pressure  shots. 
The  low-pressure  shots  show  that  the  load  was  somewhat  uniformly  distribu¬ 
ted  around  the  structure  except  at  the  footings  where  the  horizontal  free¬ 
dom  of  the  footing  at  even  the  low  pressures  allowed  load  relief.  At  the 
higher  pressures,  the  greater  relative  inward  deflection  of  the  crown  caused 
greater  load  relief  than  did  the  outward  deflection  of  the  area  30  degrees 
above  the  footing.  The  relative  deflection  causing  this  load  relief  was 
observed  in  the  permanently  deflected  shape  of  the  ribs  observed  after  each 
shot.  Figure  4.4  shows  the  permanent  deformation  of  Rib  6  measured  with  the 
footing  ends  positioned  postshot  in  their  preshot  location.  The  deflected 
shape  generally  corresponds  to  the  shape  of  the  load  distribution  shown  in 
Figure  4.3.  In  order  to  determine  the  general  location  of  the  point  of 
greatest  outward  deflection,  each  rib  was  examined  after  the  three  high- 
pressure  shots.  These  results  are  shown  in  Figure  4.5  and  show  that  the 
location  of  this  point  is  between  25  and  30  degrees  with  some  variance 
along  the  arch  length.  These  data  indicate  that  the  presence  of  the 
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bulkhead  did  affect  to  some  extent  the  radial  distribution  of  load  on  the 
arch,  but  probably  not  in  a  significant  manner.  Further  evidence  of  the 
influence  of  the  bulkheads  is  shown  in  Figure  4.6  where  it  can  be  observed 
that  the  crown  deflection  was  generally  less  at  the  bulkheads  than  in  the 
central  area. 

4.2  STRUCTURE  MOTION 

Level  survey  measurements  were  made  to  determine  the  total  movement  of 
the  structure  after  Shots  3>  4,  5>  and  the  pilot  test  shot.  No  measure¬ 
ments  of  this  type  were  made  for  Shot  2  since  it  was  a  repeat  loading  of 
the  Shot  1  configuration.  Figure  4.7a  shows  the  raw  footing  survey  data 
and  Figure  4.7b  a  plot  of  dimensionless  deflection  where 


(5f)(oULT)  10  psi  <  oULT  <  30  psi 

6d  =  "WW'T  where  100  psi  <  pso  <  200  psi 

80  w  =  5.25  inches 


(4.1) 


In  this  expression,  6^,  is  the  measured  deflection  in  inches,  P  is 

f  so 

the  airblast  overpressure  in  pounds  per  square  inch,  w  is  the  footing 
width  in  inches,  and  o  is  the  ultimate  static  plate-bearing  pressure 
in  pounds  per  square  inch  taken  from  Figure  2.3  and  assumed  to  be  27,  20, 
23,  and  23  psi  for  Shots  3>  4,  and  5  and  the  pilot  test,  respectively.  A 
polynomial  fit  to  the  deflection  data  produces  the  following  expression  for 
deflection: 


6d  =  (1.79  X  10"2)  +  (1.67  X  10_3)Lf  0  <  Lf  <  44  inches  (4.2) 

where  Lf  is  the  distance  along  the  footing  from  one  end  in  inches. 

In  Figure  4.6  the  surveyed  crown  deflection  relative  to  the  footing 
deflection  is  shown  with  the  average  of  the  north  and  south  footing  de¬ 
flections  at  a  location  being  assumed  as  the  footing  deflection.  Both  the 
footing  and  the  crown  deflection  data  show  more  scatter  at  the  west  end, 
especially  in  the  case  of  Shot  4.  This  is  thought  to  be  due  to  the 
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presence  of  the  free-field  instrumentation  cables  which  generally  were  run 
out  the  west  end  of  the  structure  to  the  free-field  gages.  The  difference 
in  relative  crown  deflection  between  Shots  4  and  5,  and-  between  Shot  3  and 
the  pilot  test  indicates  that  there  was  little  rib  deformation  at  the  lower 
pressure  with  most  of  the  motion  being  rigid-body  motion,  whereas  at  the 
higher  pressures  rib  deformation  became  a  major  factor  in  total  crown 
deflection.  The  rib  strain  data  as  well  as  the  data  in  Figures  4.4  and  4.5 
support  this  supposition. 

The  measured  time-deflection  histories  of  the  footings  near  the  verti¬ 
cal  centerline  of  the  structure  for  Shots  3,  4,  and  5  are  shown  in  Fig¬ 
ures  4.8,  4.9,  and  4.10,  respectively.  These  data  were  calculated  using 
the  deflection  gage  data  from  the  rig  shown  in  Figure  A. 4.  The  deflection 
components  are  shown  in  Appendix  C.  These  data  show  that  there  was  an 
initial  displacement  radially  outward  corresponding  to  the  arrival  of  the 
loading  at  the  crown  region  of  the  structure.  This  was  followed  by  a  down¬ 
ward  deflection  as  engulfment  occurred  during  which  time  the  outward  motion 
reversed  to  become  an  inward  displacement.  Final  downward  displacement  oc¬ 
curred  in  a  jerky  fashion  because  of  the  arrival  of  the  reflected  stress 
wave.  The  final  position  of  the  footing  as  measured  agrees  with  those  data 
in  Figure  4.7  and  agrees  with  observed  final  shape  of  the  footings  as  shown 
in  Figure  3*7,  i.e.  bowed  inward. 

Acceleration  measurements  were  made  at  the  center  of  the  footing  and 
at  one  end  of  the  footing  to  determine  what  differences  in  motion  occurred 
at  these  locations,  i.e.  to  determine  what  influence  the  bulkheads  had  in 
altering  the  footing  acceleration.  The  peak  accelerations  and  velocities 
resulting  at  these  two  locations  as  a  function  of  overpressure  are  shown 
in  Figures  4.11  and  4.12,  respectively.  In  both  cases,  the  quantities 
measured  at  the  end  of  the  footing  were  lower  in  magnitude  than  those  at 
the  center  locations.  A  typical  acceleration  record  and  the  velocity-  and 
displacement -time  histories  resulting  from  single  and  double  integration  of 
these  data  are  shown  in  Figure  4.13. 

4.3  STRUCTURAL  RESPONSE 

Whenever  a  structural  element  undergoes  a  combination  of  thrust  and 
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moment,  an  interaction  of  these  two  quantities  occurs  which  tends  to  either 
move  the  section  nearer  to  or  away  from  its  ultimate  load-carrying  ability. 
In  the  case  of  the  arch  being  considered,  the  element  being  loaded  was  a 
tee-section  rib  having  dimensions  as  shown  in  Figure  4.l4a.  The  steel  had 
a  stress-strain  curve  as  shown  in  Figure  4.l4b.  The  test  results  indicate 
that  the  ribs  exceeded  their  elastic  limit  during  some  of  the  tests.  To 
simplify  the  analysis  of  these  data,  an  elastic-plastic  idealisation  (Fig¬ 
ure  4.l4b)  was  made.  Yield  stress  at  0.1  percent  offset  was  59,930  psi  and 
yield  strain  was  0.23  percent.  Based  on  this  idealization  of  the  stress- 
strain  curve,  the  rib  strain  data  were  converted  into  moment  and  thrust. 
Moments  producing  compression  in  the  outer  fibers  are  considered  positive 
and  thrusts  producing  fiber  compression  are  considered  positive.  All 
moment-  and  thrust-time  histories  are  shown  in  Appendix  C. 

The  general  shape  of  the  strain  data,  hence  the  moment  and  thrust 
data,  followed  the  free-field  stress  wave  shape.  Thus,  there  was  an  ini¬ 
tial  or  transient  peak  in  the  data,  generally  occurring  about  5  to  10  msec 
after  detonation,  and  a  reflected  peak  occurring  15  to  20  msec  after  deto¬ 
nation.  The  thrust  and  moment  data  are  tabulated  in  Tables  4.2  and  4.3  and 
the  quantities  tabulated  are  defined  in  Figure  4.15.  The  shape  of  these 
data  also  reflect  the  interface  loading  as  described  in  Section  4.1.  Fig¬ 
ure  4.16  shows  typical  data  for  a  section  remaining  elastic  and  for  a  sec¬ 
tion  that  has  strains  exceeding  the  elastic  limit. 

The  peak  transient  thrust  data  are  plotted  in  Figure  4.17  and  show 
considerable  scatter.  However,  data  analysis  indicates  that  the  thrust 
throughout  the  arch  ring  is  generally  uniform  with  a  slight  tendency  for 
the  thrust  to  increase  as  the  arch  crown  is  approached.  Regression  analy¬ 
sis  of  these  data  gives  the  following  equation  for  the  peak  transient 
thrust  in  the  arch  section  in  terms  of  peak  overpressure  PgQ  and  angle 
above  the  footing  9  . 

Np  =  (26.2  +  ll.lPgo  +  1.980)  lb/in  (4.3) 

0  <  0  <  75  degrees 

30  <  P  <200  psi 
so 
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The  lines  shown  in  Figure  4.17  are  based  on  this  equation. 

The  moment  data  show  appreciable  scatter.  During  the  first  two  shots 
it  appears  that  the  loading  was  not  great  enough  to  fully  flex  the  struc¬ 
ture;  hence,  even  the  sign  of  the  data  exhibited  scatter.  As  the  load 
increased,  the  moments  up  to  45  degrees  were  generally  negative,  which  cor¬ 
responds  to  the  permanent  deflection  measurements.  Because  of  the  scatter 
in  these  data,  no  detailed  data  analysis  was  attempted. 

4.4  INTERIOR  ENVIRONMENT 

Two  quantities  were  measured  inside  the  structure,  interior  pressure 
and  floor  acceleration.  The  peak  pressure  appears  to  be  directly  related 
to  the  decrease  in  interior  volume  caused  by  the  punching  of  the  footings 
since  no  breach  occurred  which  would  allow  the  airblast  overpressure  to 
enter  the  inside  of  the  structure.  Peak  pressure  versus  footing  punch  from 
the  survey  data  is  shown  in  Figure  4.18  where  the  footing  data  are  those 
extrapolated  to  the  Rib  5  location  on  the  north  and  south  footings.  Using 
the  equation  given,  assuming  the  straight  line  fit  of  these  data  and  the 
normalized  data  in  Figure  4.7b  as  expressed  by  Equation  4.2,  the  interior 
pressure  can  be  presented  as 

[3.58(w)(P  )  1 

PIN  ■[  100(oULT)  (1’79  +  0*l67LP  "  3*nJ  PSi  (4*4) 

The  acceleration  measured  on  the  interior  floor  was  characterized  by 
two  sharp  spikes  (Figure  4.19).  The  first  and  largest  spike  was  caused  by 
engulfment  and  punching  of  the  footings  and  the  second  spike  by  the  re¬ 
flection  off  the  base  of  the  LBLG.  Double  integration  of  the  data  gave 
poor  results  as  far  as  displacement  was  concerned,  but  gave  reasonable  ve¬ 
locity  data.  These  data  are  shown  as  time  histories  in  Appendix  C  and  the 
peak  data  are  shown  in  Figure  4.20. 
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TABLE  4.1  RATIO  OF  RADIAL  LOAD  TO  PEAK  TRANSIENT  RADIAL  LOAD 
NR  -  not  recovered. 


Angle 

Above 

Load  Ratio  at 

Incident 

Peak 

10  msec 

20  msec  30  msec 

40  msec 

Footing 

degrees 
Shot  1: 


8 

24 

0.91 

0.79 

Insignificantly  small 
0.71 

0.21 

0.23 

45 

0.95 

0.74 

0.90 

0.82 

0.74 

45 

0.99 

0.80 

O.98 

0.84 

0.75 

67 

0.67 

0.49 

0.59 

0.28 

0.15 

83 

1.00 

0.81 

O.98 

0.87 

0.71 

Shot  2: 

8 

0.25 

0.13 

0.20 

0.0 6 

0.03 

24 

0.91 

0.81 

0.72 

0.22 

0.06 

45 

0.93 

0.82 

0.93 

0.56 

0.44 

45 

1.00 

0.91 

O.96 

0.62 

0.50 

67 

0.75 

0.66 

0.82 

0.56 

0.54 

83 

0.81 

0.79 

0.85 

0.60 

0.66 

Shot  3: 

8 

0.36 

0.34 

0.17 

0.03 

0.09 

24 

1.00 

1.00 

0.83 

0.46 

0.46 

45 

NR 

NR 

NR 

NR 

NR 

45 

0.65 

0.61 

0.51 

0.30 

0.33 

67 

NR 

NR 

NR 

NR 

NR 

83 

0.52 

0.51 

0.43 

0.32 

0.34 

Shot  4: 

8 

0.36 

0.34 

0.25 

-0.08 

-0.02 

24 

1.00 

O.89 

1.28 

0.49 

0.44 

45 

0.51 

0.4l 

0.59 

0.2  6 

0.28 

45 

0.75 

0.68 

0.70 

0.19 

0.23 

67 

0.61 

0.55 

0.69 

0.39 

0.42 

83 

0.60 

0.56 

0.57 

0.32 

0.33 

Shot  5: 

8 

0.23 

0.21 

0.25 

0.09 

0.16 

24 

0.86 

0.86 

O.69 

0.27 

o.4i 

45 

1.00 

0.96 

0.91 

0.31 

0.51 

45 

NR 

NR 

NR 

NR 

NR 

67 

0.52 

0.46 

0.54 

0.22 

0.31 

83 

0.60 

0.60 

0.46 

0.15 

0.23 
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TABLE  4.2  TABULATED  THRUST  DATA 


Symbols  used  are  defined  In  the  Notation  which  precedes  the  text  and  are  Illustrated  In  Figure  4.15. 


Gage  Pair 

9 

t 

r 

s. 

4R 

"p 

KP.  . 

NS. 

degrees 

msec 

maec 

msec 

lb/in 

lb/ln 

lb/ln 

Shot  1: 

11NE-12NE 

0 

10.1 

14 

22 

545 

580 

216 

13SE-14SE 

0 

10.4 

16 

20 

350 

640 

120 

41NE-42NE 

0 

11.0 

14 

22 

528 

513 

170 

51ME-52HF. 

0 

9.7 

13 

22 

570 

530 

217 

5  33  E- 54s  E 

0 

9.2 

12 

20 

564 

651 

228 

633E-ti4sE 

0 

21.0 

21 

21 

1,160 

1,160 

440 

81NE-82IIE 

0 

10,0 

14 

22 

528 

547 

152 

101NF-102NK 

0 

8.3 

13 

22 

535 

632 

239 

U5NE-116NE 

6C 

11.2 

15 

22 

581 

700 

296 

<:  13N1-614NE 

60 

11.3 

13 

21 

705 

794 

— 

15NE-16HE 

10 

8.8 

12 

22 

644 

661 

271 

Shot  2: 

UNF-12NE 

0 

3.7 

6.4 

18 

731 

779 

_ 

5INE-52ME 

0 

8.1 

10 

19 

894 

898 

264 

53SE-545K 

0 

7.4 

10 

19 

831 

978 

350 

53SK-04SF 

0 

6.7 

10 

19 

825 

1,002 

267 

81NE-S211E 

0 

6.8 

10 

19 

706 

769 

230 

83SE-843E 

0 

6.8 

10 

19 

740 

996 

278 

101NE- 102MB. 

0 

7.4 

11 

18 

800 

924 

303 

10 

7.7 

10 

20 

1,010 

1,103 

443 

65NF.-66NE 

10 

6.7 

10 

19 

1,007 

1,087 

— 

67NE-68NK 

20 

7.1 

10 

19 

978 

1,102 

— 

87NE-88NE 

60 

6.6 

10 

20 

948 

1,186 

384 

Shot  3: 

11NE-12NE 

0 

5.0 

7.0 

18 

1,530 

1,400 

657 

21NE-22NF 

0 

10 

10 

18 

1,070 

1,140 

560 

515SE-516SF 

0 

7.5 

9.0 

17 

2,050 

1,260 

50 

71ME-72NE 

0 

10 

10 

17 

1,230 

1,070 

190 

81NE-82NE 

0 

9.0 

9.0 

17 

1,470 

1,290 

760 

101NE-102NF 

0 

5.8 

8 

18 

1,450 

1,460 

800 

33NE-34NF 

10 

7.6 

9.0 

18 

1,150 

1,210 

830 

53NE-54NE 

10 

7.7 

9.0 

17 

1,260 

1,260 

— 

23NE-24NF 

20 

6.8 

9.0 

17 

1,180 

1,190 

340 

35NE-36NE 

20 

8.0 

9.0 

17 

1,360 

1,400 

— 

43NE-44NF 

20 

6.8 

9.0 

17 

1,390 

1,270 

550 

55NE-56ME 

20 

8.0 

9.0 

17 

1,480 

1,520 

— 

57NE-58NE 

30 

a 

a 

9 

a 

a 

3,230 

15NF.-16NE 

60 

7.0 

9.0 

18 

1,710 

2,140 

1,100 

4r.NE-46NE 

60 

8.0 

10 

17 

1,800 

1,900 

750 

59NE-510NK 

60 

S.o 

10 

17 

1,620 

1,790 

700 

511NE-512h'E 

60 

8.0 

9.0 

17 

1,690 

1,920 

620 

Shot  Uj 

11NE-12NF. 

0 

7.0 

7.0 

17 

970 

970 

255 

21ME-22ME 

0 

7.0 

7.0 

17 

1,550 

1,410 

645 

41BE-42NE 

0 

5.0 

7.0 

17 

1,360 

950 

165 

5LTE-52NT: 

0 

7.0 

10 

17 

1,340 

1,120 

190 

61NE-62NE 

0 

3.0 

5.0 

a 

2,040 

b 

— 

91NE-92NE 

0 

7.2 

9.0 

16 

526 

450 

— 

101NE-102NE 

0 

7.5 

10 

9 

990 

a 

-» 

517NE-518NK 

20 

10 

10 

17 

1,130 

1,030 

380 

53NE-54NE 

30 

a 

a 

a 

a 

a 

3,210 

515SE-5163E 

30 

7.2 

10 

18 

1,850 

2,400 

1,860 

83NE-84NE 

30 

8.0 

11 

19 

2,040 

2,320 

2,000 

103NE-104NE 

30 

b 

b 

15 

b 

3,200 

3,230 

105NE-106NE 

45 

7.2 

10 

18 

1,560 

2,100 

1,760 

513NE-514NE 

45 

9 

a 

19 

a 

3,200 

3,240 

57NE-38NE 

60 

2.6 

6.0 

11 

1,000 

1,090 

— 

87NF-88NE 

60 

7.2 

10 

18 

1,500 

1,710 

43 

89NE-810NE 

75 

3.4 

6.0 

18 

1,510 

1,820 

— 

Shot  5: 

21NK-22NK 

0 

1.7 

5.0 

17 

2,060 

1,560 

560 

31ME-32NE 

0 

3.0 

8.0 

17 

990 

910 

410 

53NE-54NF 

30 

4.0 

10 

17 

2,600 

2,680 

2,080 

55NE-56NE 

6o 

9.2 

11 

17 

2,040 

2,640 

910 

Indeterminate. 
Steady  rise  up  to  N, 


TABIE  4.3  TABULATED  MOMENT  DATA 

Symbols  used  are  defined  In  the  Notation  which  precedes  the  text  and  are  illustrated  in  Figure  4.15. 


Cage  Pair 

9 

tr 

s 

M 

P 

M 

as 

degrees 

mcec 

msec 

msec 

ii.-Lh/ln 

in-lb/tn 

in-lb/in 

Shot  1: 

11HE-12HE 

0 

6.4 

9.0 

20 

+40.7 

■♦22.9 

+4.2 

13SI-14SE 

0 

2.8 

6.0 

23 

-137 

-4.3 

-33.0 

41ME-42NE 

0 

6.3 

9.0 

22 

+92.5 

+88.7 

-3.8 

51NE-52NE 

0 

2.7 

6.0 

24 

-72.4 

+50.5 

-28.4 

53SE-54SE 

0 

2.8 

6.0 

18 

-87.3 

-66.3 

-61. s 

63SE-64SE 

0 

13.5 

16,0 

29 

-80.5 

-88.0 

-27.0 

81NE-82NE 

0 

5.7 

8.0 

23 

+104 

+89.9 

-9.4 

101NE-102NE 

0 

2.8 

5.0 

18 

-28.5 

-15.8 

-0.7 

15NE-10NE 

10 

14 

18 

24 

-167 

-16? 

-136 

115NE-116NE 

60 

9.2 

15 

21 

+104 

+23.4 

6l3NE-6l4HE 

6o 

7.5 

13 

21 

-41.7 

-43.2 

— 

Shot  2: 

11NE-12NE 

0 

6.2 

11 

19 

+69.7 

+96.2 

51NE-52NE 

0 

6.2 

8.0 

18 

+61.6 

tC'.l 

-73.4 

53SE-54SE 

0 

2.3 

5.0 

19 

-96.2 

-99.7 

-96.4 

63SE-64SE 

0 

5.9 

7.0 

17 

+116 

+34.0 

-r).0 

81NE-82NE 

0 

5.1 

7.0 

18 

+100 

+47.8 

-58.0 

83SE-84SE 

0 

7.5 

8.0 

17 

+  119 

+73.0 

-67.0 

101NE-102NE 

0 

a 

H 

19 

a 

-140 

-89.0 

15NE- 16  NE 

10 

6.5 

9.0 

b 

-123 

b 

-92.5 

65NE-66NE 

.10 

8.1 

11 

20 

-26C 

-311 

— 

67NE-68NE 

20 

b 

b 

25 

b 

-coo 

-754 

87NE-88NE 

60 

b 

b 

b 

b 

b 

-126 

Shot  3: 

1.1NE-12NE 

0 

b 

.  b 

b 

b 

b 

-199 

21NE-22NE 

0 

10 

10 

b 

237 

b 

61 

515SE-516SE 

0 

2.5 

4.0 

15 

-135 

-123 

-38 

71NE-72NE 

0 

8.0 

10 

b 

-42 

b 

-82 

81NE-82NE 

0 

5.0 

5.0 

b 

-140 

b 

-63 

101NE-102NE 

0 

1.0 

3.0 

14 

-149 

-2 

-4o 

33NE-34NE 

10 

1.5 

3-0 

15 

-247 

-62 

-95 

53NE-54NE 

10 

1.5 

3-0 

18 

-168 

-282 

23NE-24NE 

20 

2.0 

3.0 

17 

-177 

-468 

35NE-36NE 

20 

0.8 

3.0 

16 

-200 

-270 

43NE-44NE 

20 

1.0 

3.0 

19 

-220 

-402 

-440 

55NE-56NE 

20 

1.2 

3.0 

17 

-176 

-468 

— 

57NE-58NE 

30 

4.2 

5.0 

b 

-102 

b 

0 

15NE-16NE 

60 

b 

24 

24 

b 

-174 

-217 

45NE-46NE 

60 

55 

8.0 

21 

-189 

-227 

-222 

59NE-510NE 

60 

6.7 

9-0 

20 

-154 

-175 

-162 

511HE-512NE 

60 

a 

a 

20 

a 

-206 

-142 

Shot  4: 

11NF-12NE 

0 

5.0 

5.0 

32 

-90 

-74 

-130 

21NE-22NE 

0 

5.0 

5.0 

34 

-122 

-79 

-3.0 

41EE-42NE 

0 

5.5 

7.0 

33 

-176 

14 

29 

51UE-52NE 

0 

4.0 

7-0 

33 

-126 

-26 

3.0 

61NE-62NE 

0 

6.4 

9-0 

b 

-89 

b 

.. 

91NE-92NE 

0 

2.9 

5.0 

b 

-309 

-184 

— 

101NE-102NE 

0 

6.6 

9.0 

b 

4 

a 

— 

517NE-518NE 

20 

4.0 

4.0 

17 

-135 

81 

42 

53NE-54NE 

30 

2.7 

5.0 

17 

-112 

-45 

4.0 

515SE-51fSE 

30 

a 

a 

1 6 

a 

-540 

-630 

83NE-84NE 

30 

a 

a 

15 

a 

-568 

-614 

103NE-104NE 

30 

5.0 

5.0 

18 

-70 

-42 

0 

105NE-106NF, 

45 

b 

b 

b 

b 

b 

-538 

513SE-514SE 

45 

5.0 

5.0 

18 

-105 

-2.0 

0 

57ME-58NE 

60 

3.0 

5.0 

12 

-25 

-69 

__ 

87NE-88NE 

60 

6.0 

9.0 

33 

-66 

-86 

-109 

89NE-810UE 

75 

0.5 

3.0 

14 

94 

25 

— 

Shot  5: 

21NE-22NE: 

0 

a 

a 

17 

a 

186 

251 

31NE-32NE 

0 

3.0 

8.0 

17 

-142 

-47 

73 

53NE-54NE 

30 

2.6 

9-0 

15 

-U4l 

-490 

-607 

55NE-56NE 

60 

b 

a 

19 

b 

-4t 

-82 

£  Steady  rise  up  to  M_  . 
"  Indeterminate . 
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DIMENSIONLESS  DEFLECTION,  8j  DOWNWARD  FOOTING  DEFLECTION,  INCHES 


ORIGINAL  FOOTING  ELEVATION* 


LEGEND 

)  SHOT  3 
)  SHOT  4 
>  SHOT  5 
'  PILOT 


NOTE:  NORTH  FOOTING  SHOWN  OPEN 

SOUTH  FOOTING  SHOWN  SHADED 

0.  RAW  DATA 


ORIGINAL  FOOTING  ELEVATION  - 


(8f)(cr  ULT) 

Sd=  (w)(PJ 

b.  NORMALIZED  DATA 


Figure  4,7  Level  survey  data  for  footings. 


[•li] 


NOTE:  EACH  SQUARE  REPRESENTS  A  5-MSEC  INTERVAL.  THE  ANGLE  OF 
THE  LINES  WITH  THE  SQUARE  REPRESENTS  THE  ANGLE  OF  THE 
FOOTING  AT  THAT  TIME. 

Figure  4.8  Footing  motion  of  the  north  footing  center  during  Shot  3. 
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NOTE:  EACH  SQUARE  REPRESENTS  A  5-MSEC  INTERVAL.  THE  ANGLE 
OF  THE  LINES  WITH  THE  SQUARE  REPRESENTS  THE  ANGLE  OF 
THE  FOOTING  AT  THAT  TIME. 


Figure  4.9  Footing  motion  of  the  north  footing  center  during  Shot  4 


■J 
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NOTE:  EACH  SQUARE  REPRESENTS  A  5-MSEC  :NTERVAL.  THE  ANGLE 
OF  THE  LINES  WITH  THE  SQUARE  REPRESENTS  THE  ANGLE  OF 
THE  FOOTING  AT  THAT  TIME. 

Figure  4.10  Footing  motion  of  the  north  footing  center  during  Shot  5.. 
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VELOCITY  X,  IN/SEC 


DISPLACEMENT  6|.  FEET  VELOCITY  X.  FT/SEC  ACCELERATION  8.  fi 


<L 


a.  Physical  dimensions  (in  inches)  of  a  typical  rib  section. 


b.  Stress-strain  curve  of  steel. 


Figure  4.14  Rib  idealization. 
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a.  Thrust. 


Figure  4.15  Idealized  thrust  and  moment  histories 
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ANGLE  ABOVE  FOOTINGS,  DEGREES 

Figure  4.17  Peak  transient  thrust. 


INTERIOR  PRESSURE  Plu.  PSI 


Figure  4.18  Peak  interior  pressure  versus  footing  deflection. 
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O  SHOT  3 
□  SHOT  4 
7  SHOT  5 


CHAPTER  5 


CONCLUSIONS  AND  RECOMMENDATIONS 

5.1  CONCLUSIONS  * 

The  structure  as  tested  easily  withstood  the  design  overpressure  of 
100  psi  with  little  damage,  and  in  subsequent  testing  withstood  almost 
twice  the  design  overpressure.  Since  the  reflected  stress  wave  fran  the 
bottom  of  the  test  chamber  tends  to  stop  the  motion  of  the  structure,  it 
is  concluded  that  the  relative  displacements  experienced  in  the  laboratory 
are  somewhat  less  than  those  which  would  be  experienced  in  the  field, 
whereas  the  stress  levels  in  the  structure  are  higher  in  the  laboratory 
tests  duo  to  the  reflected  stress  wave. 

it  is  concluded  that  the  revised  truss  as  outlined  in  Appendix  D  is 
workable  and  an  improvement  over  the  original  design.  The  bulkhead  design 
appears  to  be  more  them  adequate,  probably  a  bit  more  overdesigned  than  the 

arch  itself. 

’  v"'  1 

Limited  spalling  tests  Indicate  that  dust  inhalation  could  be  a  prob- 

* 

lem  in  the  prototype,  and  seme  means  of  dust  prevention  such  as  oiling  the 
interior  floor  should  be  considered. 

It  is  believed  that  with  a  minimum  redesign  the  overpressure  resist¬ 
ance  of  the  structure  can  be  increased  to  near  200  psi  for  a  1-Mt  weapon. 
However,  because  the  earth  cover  provides  minimum  protection  from  radiation 
effects  at  100  psi,  the  depth  of  cover  would  have  to  be  increased  to  pro¬ 
vide  protection  at  this  overpressure  level  with  the  lower  yield  weapons 
producing  the  critical  radiation  levels. 

5.2  RECOMMENDATIONS 

Based  on  the  laboratory  findings,  it  Is  recommended  that  the  bulkhead 
truss  connection  be  redesigned  as  outlined  in  Appendix  D.  This  redesign 
will  eliminate  problems  occurring  as  a  result  of  truss  rotation.  With  re¬ 
gard  to  the  truss  itself,  it  is  recommended  that  a  cheaper  configuration 
be  designed.  It  is  possible  to  use  a  pair  of  the  arch  ribs  laid  flat  and 
connected  to  the  bulkhead  column  bases  by  rods. 

It  is  recommended  that  spikes  be  used  to  fasten  the  ribs  to  the 
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footings  rather  than  lag  screws,  since  the  ojnly  purpose  served  by  these 
connectors  is  to  position  and  to  resist  a  small  amount  of  3hear.  The 
spikes  are  cheaper  and  faster  to  use.  It  also  appears  possible  to  decrease 
the  thickness  of  the  wooden  arch  blocks,  and  it  is  recommended  that  this  be 
considered. 

If  it  is  assumed  that  the  hardness  of  the  structure  exceeds  the  origi¬ 
nal  100-psi  design  as  the  tests  indicate,  then  it  is  recommended  that  the 
earth  cover  over  the  structure  be  increased  to  provide  additional  radiation 
protection.  Exactly  how  much  protection  is  required  will  depend  upon  the 
mission  of  the  protected  personnel. 

Because  of  the  large  amount  of  settlement  that  will  be  associated  with 
the  response  of  this  structure,  any  lines,  wires,  pipes,  etc.,  will  have  to 
be  designed  for  this  relative  motion  between  the  components  and  the  struc¬ 
ture.  It  is  recommended  that  flexible  couplings  be  used  with  these 
components. 

The  entranceway  described  in  Reference  1  is  complex  and  quite  expen¬ 
sive.  It  is  recommended  that,  for  general  use,  an  entranceway  be  fabri¬ 
cated  of  concrete  pipe  cattle  pass  with  a  steel  vertical  shaft  and  blast- 
proof  door  of  the  type  shown  in  Reference  1.  With  this  entranceway,  the 
use  of  corrugated-steel  pipe  to  form  a  ventilation  duct  at  either  end  of 
the  structure  with  a  blast-activated  blast  valve  is  recommended.  It  is 
further  recommended  that  an  emergency  exit  be  provided  that  is  constructed 
of  corrugated- steel  pipe  and  filled  with  sandbags  and  has  a  concealed  sur¬ 
face  exit. 

The  test  series  reported  herein  was  conducted  in  dense,  dry  sand  in  a 
plane-wave  device.  It  is  recommended  that  (l)  tests  be  conducted  in  soils 
other  than  dry  sand  in  the  same  device,  and  (2)  a  fielc  test  of  a  larger 
model  be  conducted  in  sand  to  determine  the  severity  of  the  laboratory  en¬ 
vironment  as  opposed  to  the  field.  It  is  also  recommended  that  limited  in¬ 
strumentation  be  used  with  these  tests,  with  emphasis  being  put  on  the  foot¬ 
ing  response  and  the  interior  environment,  as  a  means  of  correlating  the 
laboratory  and  field  results.  By  extrapolating  these  data  to  the  proto¬ 
type,  to  other  soil  types,  and  to  modified  construction,  a  structural  anal¬ 
ysis  can  be  developed  based  on  a  discrete  approximation  to  the  structure. 
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INSTRUMENTATION  DETAILS 
AND  TABULATED  RESULTS 
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The  Large  Blast  Load  Generator  facility  is  ideally  suited  for  conduct¬ 
ing  heavily  instrumented  tests  on  structures  of  the  type  tested  in  this 
study.  An  ultimate  capability  of  nearly  100  data  channels  (Figure  A.l) 
means  that  large  quantities  of  information  can  be  obtained  from  a  single 
test.  With  tests  requiring  approximately  100  data  channels  such  as  are  re¬ 
ported  herein,  no  single  system  of  instrumentation  can  be  used,  and  care 
must  be  exercised  to  see  that  frequencies  of  systems  are  compatible  with 
what  is  being  measured.  Diagrams  of  the  test  instrumentation  hookup  are 
shown  in  Figure  A. 2.  Magnetic  tape  was  used  for  primary  data  recording  and 
was  backed  up  with  recording  oscillograph  equipment.  Since  only  about  50 
channels  of  tape  were  available,  it  was  not  possible  to  use  tape  in  all 
cases.  Consequently,  some  data  were  recorded  only  on  oscillograph  recorders . 

The  system  used  was  composed  essentially  of  three  parts:  transducers, 
amplifiers,  and  recorders.  All  strain  gages  used  on  the  steel  elements 
were  manufactured  by  the  Budd  Company  and  were  foil- type  high-elongation 
gages  with  a  resistance  of  120  ohms.  Strain  in  the  wooden  components  was 
measured  with  1-  by  l/8-inch  high-elongation  foil-type  gages  manufactured 
by  the  Budd  Company.  Deflections  were  measured  using  6-inch-range  LVDT- 
type  transducers  manufactured  by  Crescent  Instruments.  Piezoelectric  accel¬ 
erometers  from  Columbia  Instruments  and  strain-gage-type  accelerometers 
from  Consolidated  Electrodynamics  Corporation  (CEC)  were  used  to  measure 
acceleration.  Soil  pressure  was  measured  using  W-type  transducers  (Shots  1 
and  2)  developed  at  the  Waterways  Experiment  Station  (Reference  8)  and 
using  Road  Research  Cells  (RRC)  (Shots  3>  4,  and  5)  from  the  Road  Research 
Laboratories  (Reference  9)  •  Overpressure  at  the  soil  surface  was  monitored 
using  Norwood  blast-pressure  transducers,  and  air  pressure  in  the  structure 
was  monitored  using  a  CEC  pressure  transducer.  Figure  A. 3  is  a  photograph 
of  all  the  transducers  used. 

Various  amplifiers  were  used  to  condition  the  signals  prior  to  re¬ 
cording.  Three  carrier  systems  manufactured  by  CEC  were  used,  the  1-118 
with  a  3-kcps  response,  the  1-127  with  a  20-kcps  response,  and  the  System  D 
with  a  3-kcps  response.  Dana  2000- DC  amplifiers  and  Alinco  Model  SAM  1  am¬ 
plifiers  were  also  used.  In  use  with  the  piezoelectric  transducers  were 
Kistler  Model  65656  charge  amplifiers.  Final  recording  of  the  data  was 


82 


done  using  CEC-type  5-119  galvanometer  oscillographs  at  paper  speeds  of 
160  in/sec  and  Sangamo  Model  472RB  and  Ampex  Model  ES-100  magnetic- tape 
recorders. 

The  frequency  response  of  the  total  system  varied,  depending  on  the 
recording  equipment.  In  the  case  of  the  magnetic- tape  data  channels,  the 
frequency  limitation  was  the  transducer  response  since  the  tape  equipment 
had  a  20-kcps  capability.  In  the  case  of  the  oscillograph-data  channels, 
the  frequency  response  limitations  were  caused  by  the  type  of  galvanometer 
used  in  the  system.  Table  A.l  is  a  tabulation  of  the  maximum  frequency  re¬ 
sponse  of  each  recorder  used. 

The  LELG  has  the  advantage  of  providing  a  fixed  reference  to  which  all 
motion  measurements  can  be  referenced.  To  take  advantage  of  this,  a 
6- inch-square  steel  column  was  welded  to  the  center  of  the  floor  of  the 
LELG  and  extended  upward  to  the  level  of  the  structure  footings.  It  was 
necessary  to  measure  three  vertical  components  of  deflection  to  determine 
the  rigid  body  motion  of  the  footing  since  it  had  three  degrees  of  freedom. 
Consequently,  a  rig  mounting  three  deflection  gages  was  designed  and  rig¬ 
idly  attached  to  the  steel  column.  The  deflection  gages  were  attached  to 
the  footing  by  means  of  rollers,  pin  joints,  and  a  rocking  beam  as  shown  in 
Figure  A. 4.  The  crown  deflection  in  Shots  1,  2,  and  3  was  tied  into  this 
reference  column.  During  Shots  3  and  4,  a  steel  angle  rod  was  extended 
toward  the  east  bulkhead  and  a  deflection  gage  (01HD)  was  mounted  on  this 
rod  to  measure  the  base  deflection  of  Bulkhead  Beam  2.  This  gage  and 
mounting  rod  can  be  seen  in  Figure  A. 5.  This  figure  shows  the  instrumen¬ 
tation  in  place  prior  to  sand  placement  for  Shot  3. 

Figures  A. 6  and  A  7  show  the  gage  locations  used  and  the  numbering 
system  used  with  the  ribs  and  bulkhead  beams  throughout  the  test  series. 
Tables  A. 2  through  A. 6  give  a  detailed  tabulation  of  various  peaks,  times 
of  arrival,  e+c.,  considered  to  be  of  greatest  importance.  Appendix  B 
contains  the  raw  records  from  which  Tables  A. 2  through  A. 6  were  made. 

The  gage  designations  in  Tables  A. 2  through  A. 6  indicate  the  type  of 
measurement  and  the  gage  location. 

For  the  air  pressure  and  soil  stress  gages  (Tables  A. 2  and  A. 3),  the 
first  two  letters  indicate  the  type  of  measurement,  as  follows: 
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SS  -  soil  stress. 

SP  -  surface  airbl&st  pressure. 

IP  -  interior  air  pressure. 

The  final  number  is  a  location  number  which,  for  the  soil  stress  gages,  is 
odd  for  a  horizontal  gage  and  even  for  a  vertical  gage. 

Gage  designations  for  accelerometers  and  deflection  gages  (Tables  A. 4 
and  A. 5)  are  four  characters,  indicating: 

1.  The  rib  nearest  to  or  upon  which  the  gage  is  placed  (see  Figure 
A. 6).  Omitted  for  free-field  gages. 

2.  Location. 

3.  V  -  vertical,  H  -  horizontal. 

4.  A  -  acceleration,  or  D  -  deflection. 

Gage  designations  for  strain  gages  (Table  A. 6)  are  also  four  char¬ 
acters,  indicating: 

1.  The  rib  or  column  nearest  to  or  on  which  the  gage  is  placed  (see 
Figure  A. 6). 

2.  Location.  In  general,  even  for  extrados  and  odd  for  intrados. 

3.  N  -  north,  S  -  south,  E  -  interior,  or  W  -  exterior. 

4.  E  -  arch  strain,  B  -  timber  block  strain,  C  -  bulkhead  column 
strain. 


TABLE  A.l  OSCILLOGRAPH  SYSTEM  FREQUENCY  RESPONSE 


Recorder 

No. 

Maximum  Response,  cps 

Shots  1 
and  2 

Shot  3 

Shot  4 

Shot  5 

1 

1,000 

1,000 

1,000 

1,000 

2 

1,000 

1,000 

1,000 

1,000 

3 

2,500 

2,500 

2,500 

1,000 

4 

600 

1,000 

1,000 

1,000 

5 

600 

1,000 

1,000 

— 

6 

-- 

2,500 

2,500 
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TABLE  A, 2  AIRHLAST  RESULTS 


NR  -  No  interpretable  record. 


Shot 

Gage 

Spike 

Averaged 

100-mseca 

No. 

Peak 

Peak 

Level 

psi 

psi 

psi 

1 

SP1 

54 

39 

22 

1 

SP2 

38 

34 

19 

1 

BP1(7362) 

109 

37 

23 

1 

BP2(7369) 

70 

39 

21 

2 

SP1 

81 

45 

24 

2 

SP2 

82 

64 

53 

2 

2 

BP1(7362) 

BP2(7369) 

123 

103 

70 

64 

57 

49 

3 

SP1 

132 

117 

76 

3 

SP2 

243 

117 

79 

3 

SP3 

117 

106 

56 

3 

BP1(7367) 

153 

113 

78 

3 

IP1 

3.1 

3.1 

3.1 

4 

SP1 

144 

107 

77 

4 

SP2 

66 

35 

32 

4 

SP3 

NR 

NR 

NR 

4 

BP1(6965) 

178 

143 

126 

4 

BP2(8622) 

NR 

NR 

NR 

4 

IP1 

5.9 

5.9 

4.9 

5 

SP1 

330 

287 

0 

5 

SP2 

183 

170 

67 

5 

SP3 

230 

180 

71 

5 

BP1(7363) 

265 

205 

108 

5 

BP2(8551) 

NR 

NR 

NR 

5 

IP1 

4.0 

4.0 

3.2 

100  msec  after  zero  time. 
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TABLE  A.3  SOIL  STRESS  RESULTS 


NR  -  No  interpre  table  record. 


Shot 

Ho. 

Gage 

Ho. 

Incident 
Peak,  Pj 

PI 

Arrival 

Time 

First 
Reflected 
Peak,  PR 

PR 

Arrival 

Time 

100- 

mseca 

Level 

pil 

msec 

pki 

msec 

psi 

1 

SS2* 

34 

5.6 

NR 

NR 

38 

1 

S83° 

NR 

NR 

154 

20.0 

77 

1 

8S4d 

78 

4.9 

98 

19.0 

37 

2 

SS2* 

NR 

2.6 

NR 

NR 

NR 

2 

SS3? 

84 

4.3 

149 

17.4 

107 

2 

SS4d 

328 

4.3 

212 

17.4 

94 

3 

SSI 

90 

3.5 

157 

17.1 

55 

3 

SS2 

216 

3.7 

482 

17.5 

194 

3 

SS3 

79 

3.8 

140 

17.2 

72 

3 

SS4 

145 

3.9 

259 

17.1 

109 

3 

SS5 

NR 

3.8 

NR 

NR 

NR 

3 

SS6 

174 

4.0 

294 

16.9 

U9 

3 

SS7 

57 

1.5 

59 

17.7 

23 

3 

SS8 

96 

1.7 

134 

17.9 

70 

3 

SS9 

48 

1.7 

66 

14.5 

24 

3 

SS10 

159 

1.6 

181 

17.6 

113 

3 

SS12 

121 

1.7 

176 

18.2 

120 

3 

SS13 

51 

3.6 

94 

17.1 

52 

3 

SS14 

106 

3.5 

220 

16.8 

78 

3 

SS15 

58 

2.2 

62 

17.9 

46 

3 

SS16 

184 

2.2 

296 

17.0 

147 

4 

SSI 

31 

NR 

62 

NR 

29 

4 

SS2 

NR 

NR 

NR 

NR 

68 

4 

SS3 

22 

NR 

55 

NR 

26 

4 

SS4 

43 

NR 

88 

NR 

29 

4 

SS5 

18 

NR 

61 

NR 

35 

4 

SS6 

57 

NR 

98 

NR 

45 

4 

SS7 

4l 

NR 

74 

NR 

42 

4 

SS8 

65 

NR 

90 

NR 

49 

4 

SS9 

33 

NR 

52 

NR 

19 

4 

SS10 

54 

NR 

71 

NR 

40 

4 

ssu 

23 

NR 

45 

NR 

24 

4 

SS12 

101 

NR 

l8l 

NR 

101 

4 

SS13 

NR 

NR 

NR 

NR 

NR 

4 

SS14 

38 

NR 

96 

NR 

35 

4 

SS15 

28 

NR 

43 

NR 

19 

4 

SSl6 

44 

NR 

84 

NR 

42 

?  100  msec  after  aero  time. 

0  Gage  located  24  Inches  south  of  center  of  the  south  footing  level  with  the  crown. 
Measured  vertical  presav^  e. 

c  Gage  located  24  inches  north  of  center  of  the  north  footing  level  with  the  foot- 
.  ing.  Measured  vertical  pressure. 

a  Gage  located  24  inches  north  of  center  pf  the  north  footing  level  with  the  crown. 
Measured  vertical  pressure. 


87 


TABLE  A. 4  ACCELERATION  RESULTS 

NR  -  No  interpretable  record.  Initial  peak,  largest  first  peak;  sec¬ 
ond  peak,  largest  peak  in  direction  opposite  initial  peak.  Peak  ve¬ 
locity  corrected  during  integration  such  that  velocity  is  zero  before 
100  msec.  Peak  displacement,  displacement  based  on  the  corrected 
velocity. 


Shot 

Gage 

No. 

Initial 

Peak 

Second 

Peak 

Peak 

Velocity 

Peak 

Displacement 

g*s 

g's 

in/sec 

inches 

1 

52VA 

84  Down 

13  Up 

39  Down 

O.93  Down 

1 

53VA 

68  Down 

22  Up 

36  Down 

O.51  Down 

1 

54va 

27  Down 

11  Up 

24  Down 

0.54  Down 

2 

52VA 

189  Down 

55  Up 

53  Down 

0.29  Down 

2 

53VA 

168  Down 

26  Up 

NR 

NR 

2 

54VA 

159  Down 

55  Up 

28  Down 

0.14  Down 

3 

51VA 

4l  Up 

5  Down 

55  Up 

1.75  Up 

3 

52VA 

°.62  Down 

111  Up 

136  Down 

2;28  Down 

3 

53VA 

286  Down 

287  Up 

300  Down 

11.20  Down 

3 

54va 

99  Down 

182  Up 

88  Down 

2.19  Down 

3 

1HA 

224a 

132 

16a 

0.04a 

3 

2  HA 

175a 

100 

6.5a 

0.02a 

3 

3VA 

1,864  Down 

784  Up 

85  Down 

0.23  Down 

3 

4va 

NR 

NR 

NR 

NR 

4 

51VA 

71  Up 

5.7  Down 

64  Up 

2.11  Up 

4 

52VA 

213  Down 

132  Up 

117  Down 

1.26  Down 

4 

53VA 

NR 

NR 

NR 

NR 

4 

54va 

167  Down 

76  Up 

79  Down 

0.88  Down 

4 

55CA 

NR 

NR 

NR 

NR 

4 

3VA 

NR 

NR 

NR 

NR 

4 

4VA 

697  Down 

378  Up 

33  Down 

NR 

5 

51VA 

113  Up 

28  Down 

70  Up 

1.69  Up 

5 

52VA 

287  Down 

134  Up 

189  Down 

I.85  Down 

5 

53VA 

353  Down 

121  Up 

206  Down 

2. 15  Down 

5 

54va 

NR 

NR 

NR 

NR 

5 

55CA 

467  Up 

264  Down 

60  Down 

1.12  Down 

5 

3VA 

669  Down 

474  Up 

36  Down 

O.15  Down 

5 

4VA 

NR 

NR 

NR 

NR 

a  Toward  the  structure. 


TABLE  A. 5  DEFLECTION  RESULTS 


Shot 

Gage 

No. 

Initial 

Peak 

Rise 

Time 

to 

Peak 

Reflected 

Peak 

Time0,  of 

Reflected 

Peak 

a 

100-msec 

Level 

inches 

msec 

inches 

msec 

inches 

1 

51HD 

0.06  Out 

11 

0.08  In 

26 

0.07  In 

1 

52HD 

0.02  Out 

11 

0.02  In 

26 

0.02  In 

1 

53VD 

0.42  Out 

17 

0.42  Out 

b 

0.43  Out 

1 

54CD 

0.67  In 

14 

O.67  In 

b 

0.66  In 

2 

51HD 

0,l6  Out 

11 

0.09  In 

26 

O.06  Out 

2 

52  HD 

o.o4  Out 

11 

0.02  In 

26 

0.05  Out 

2 

53VD 

O.65  Out 

24 

O.65  Out 

b 

0.59  Out 

2 

54CD 

c 

c 

c 

c 

c 

3 

51HD 

0.16  Out 

2 

0.11  In 

22 

0.11  In 

3 

52  HD 

0.20  Out, 

2 

0.22  In 

22 

0.24  In 

3 

53VD 

0.48  Out 

20 

d 

b 

O.89  Out 

3 

54CD 

0.66  Inc 

c 

c 

c 

c 

3 

01HD 

0.44  ind 

16 

0.44  Ind 

18 

0.32  In 

4 

51HD 

0.12  Out 

2 

O.37  In 

38 

0.27  In 

4 

52HD 

0.11  Out 

2 

O.36  In 

38 

0.24  In 

4 

53VD 

0.71  Out 

32 

b 

b 

1.12  Out 

4 

01HD 

0.15  Ind 

16 

b 

b 

0.3.4  In 

5 

51HD 

0.l6  Out 

2 

0.l4  In 

b 

0.07  In 

5 

52  HD 

0.11  Out 

2 

0.21  In 

b 

0.20  In 

5 

53VD 

1.52  Outd 

60 

d 

b 

1.52  Out 

*  Time  after  zero  time. 

No  single  reflection  time  evident. 
®  Gage  bottomed. 
a  Steady  rise  to  peak. 
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TABLE  A. 6  STRAIN  SAGE  RESULTS 

C  -  Compression,  T  -  Tension,  NR  -  No  interp re table 
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Time  after  zero  time. 

Questionable  result. 

Inches  above  the  truss-bulkhead  beam  connecting  bolt  center, 


Location  Initial  Rise  Reflected  Tine  of  100-msec  Shot  Gage  Location  Initial  Rise  Reflected  Tine  of  100-Mec 

Peak  Tine  Peak  Reflected  Level  Ho.  Ho.  Peak  Time  Peak  Reflected  Level 
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Questionable  result.  (2  of  U  sheets) 

Inches  above  the  truss -bulkhead  beam  connecting  bolt  center. 

Ho  reflection  apparent. 
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Inches  above  the  truss -bulkhead  beam  connecting  bolt  center.  (3  of  b  sheets) 

Ho  reflection  apparent. 

Ho  discernible  peak. 
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of  the  recording  and  conditioning  equipment. 
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Figure  A. 3  Transducers  used  during  the  test  series. 


b.  West  side. 


Figure  A. 4  Footing  and  crown  deflection  rig,  Preshot  1. 
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PLAN 


NUMBERED  GAGES  MEASURED  VERTICAL  PRESSURE.  GAGES  NUMBEREO 
SSI  5  AND  SSI  6  WERE  24  INCHES  WEST  OP  THE  WEST  BULKHEAD. 


PRESSURE  GAGE  LOCATIONS 


Figure  A. 7  Free-field  and  motion  gage  locations 


APPENDIX  B 


RAW  DATA 


COMPRESSIVE  STRAIN 
INCREASING  PRESSURE 


Figure  B.l  Shot  1,  oscillograph  record  from  Recorder 


Figure  B.2  Shot  1,  oscillograph  record  from  Recorder 


Figure  B.5  Shot  1,  oscillograph  record  from  Recorder 
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HtMCATES: 


Figure  B.8  Shot  2,  oscillograph  record  from  Recorder 


Figure  B.13  Shot  3,  oscillograph  record  from  Recorder 
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Figure  B.20  Shot  4,  oscillograph  record  from  Recorder 
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B.23  Shot  5,  oscillograph  record  from  Recorder 
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Figure  B.25  Shot  5,  oscillograph  record  from  Recorder 
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Figure  B.2 6  Shot  5»  oscillograph  record  from  Recorder 
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TIME  AFTER  ZERO,  MSEC 


Figure  C.l  Velocity  data,  Shot  1. 
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VELOCITY,  IN/SCC 


0  20  40  60  SO  100 


TIME  AFTER  ZERO,  MSEC 

Figure  C.3  Velocity  data,  Shot  3. 
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VELOCITY,  IN/SEC 


CAGE  SIVA 


-72 1_ 

I _ I _ I _ I _ I _ I _ I _ I 

0  10  20  30  40  SO  60  70 

TIME  AFTER  ZERO,  MSEC 


3  4  5  6  7 

TIME  AFTER  ZERO,  MSEC 

Figure  C.4  Velocity  data,  Shot  4. 
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VELOCITY,  IN/SCC 


Figure  C.5  Velocity  data,  Shot  5. 
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DISPLACEMENT, INCHES 


I  .2 


GAGE  52VA 


0  20  40  ao  ao  I  oo 

TIME  AFTER  ZERO,  MSEC 


F?.gure  C.6  Displacement  data,  Shot  1, 
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DISPLACEMENT.  INCHES 


TIME  AFTER  ZERO,  MSEC 

Figure  C.'J  Displacement  data,  Shot  2. 
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DISPLACEMENT.  INCHES 
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Figure  C.8  Displacement  data,  Shot  3- 
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DISPLACEMENT  DISPLACEMENT 


DISPLACEMENT,  INCHES 
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TIME  AFTER  ZERO,  MSEC 


Figure  C.9  Displacement  data,  Shot  4. 
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DISPLACEMENT,  INCHES 


TmAuST,  LA/ IN 
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Figure  C.ll  Thrust  data,  Shot  1 
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Figure  C.13  Thrust  data,  Shot  2. 
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THRUST,  LB/IN 


Ni/ei-Ni  ‘iNSftow 


Figure  C.l6  Moment  data,  Shot  3  (Sheet  1  of  2). 
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thrust,  lb/in 
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Figure  C.17  (Sheet  2  of  2) 
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Figure  C.l8  Moment  data,  Shot  4  (Sheet  1  of  2) 


thrust,  lb/  in 


0  50  100  150  200  0  50  100  150  200 

TIME  AFTER  ZERO,  MSEC 

Figure  C.19  Thrust  data,  Shot  5. 
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MOMENT,  IN- LB/ IN 


ROTATION  8,  RADIANS  HORIZONTAL  MOTION,  INCHES  VERTICAL  MOTION,  INCHES 
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Figure  C.21  Footing  motion  components,  Shot  3. 
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ROTATION  0,  RADIANS  HORIZONTAL  MOTION, INCHES  VERTICAL  MOTION,  INCHES 


Figure  C.22  Footing  motion  components,  Shot  4. 
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ROTATION  6,  RADIANS  HORIZONTAL  MOTION,  INCHES  VERTICAL  MOTION,  INCHES 
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Figure  C.23  Footing  motion  components,  Shot  5. 
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APPENDIX  D 

BULKHEAD-TRUSS  CONNECTOR  REDESIGN 
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As  discussed  in  Section  3.2.2,  difficulties  were  encountered  at  the 
connection  between  the  bulkhead  columns  and  the  end  truss.  These  problems 
arose  because  of  the  rotation  of  the  end  truss  about  the  connecting  bolts 
which  was  caused  by  the  gross  motion  of  the  structure.  To  alleviate  this 
problem  it  was  necessary  to  redesign  the  connectors  to  allow  for  this  rota¬ 
tion.  This  redesign  was  done  between  Shots  2  and  3  and  was  in  use  during 
Shot  3*  The  new  connection  was  designed  as  a  pinned  joint.  This  appendix 
details  the  redesign  procedures  and  the  redesign,  and  uses  all  of  the  orig¬ 
inal  assumptions  made  in  Reference  1. 

It  is  assumed  that  the  horizontal  loading  is  0.5  times  the  vertical 
load.  Based  on  this  assumption  the  loads  carried  by  the  prototype  truss 
and  by  the  structure  truss  are  as  shown  in  Figure  D.l  for  an  overpressure 
of  150  psi  (an  overpressure  of  150  rather  than  100  psi  as  used  in  Refer¬ 
ence  1,  because  indications  at  the  time  were  that  the  other  component  parts 
of  the  structure  would  withstand  this  higher  overpressure) .  The  maximum 
loads  that  must  therefore  be  carried  by  the  prototype  and  the  structure 
connector  are  150  and  7.4  kips,  respectively.  It  is  further  assumed  that 

the  ultimate  shear  strength  and  the  ultimate  tensile  strength  of  the  steel 
2  2 

are  40  kips/in  and  50  kips/in  ,  respectively. 

The  design  modification  made  to  the  structure  is  as  shown  in  Figure 
D.2  and  was  chosen  because  of  the  ease  with  which  the  changes  could  be 
effected  in  the  existing  connectors.  Dimensions  were  chosen  as  follows. 

The  pin  is  in  double  shear  and  thus 


2(40  kips)  Area  = 
Pin  Area  = 
Pin  Diameter  Required  = 


7.4  kips 
0.093  in2 

0.346  inch  or  about 
3/8-inch  diameter 


For  the  structure  truss  the  required  area  is 


(50  kips)  Area  =  7.4  kips 
Area  =  0.148  in2 


Using  a  0.25-inch  thickness, 


the  resulting  area  is  0.155  in 


which  was 


[ir 


2 

used.  In  like  manner,  the  required  area  of  the  column  is  0.148  in  ,  and  by 
adding  another  l/8-inch-thick  plate,  this  area  was  achieved. 

For  the  prototype,  the  procedure  is  the  same  with  the  exception  that 
the  load  is  15  kips.  Thus,  the  pin  area  is 

2(40  kips)  Area  =  150  kips 

Pin  Area  =  1.88  in^ 

The  nearest  standard  pin  with  a  conservative  area  is  a  1-3/4-inch  pin  with 
2 

an  area  of  2.4l  in  .  The  required  truss  area  is 

(50  kips)  Area  =  150  kips 

2 

Area  =  3  in 

Prototype  truss  design  calls  for  8.2-lb/ft,  6-inch  channel  to  be  used  as 

this  connector.  This  means  that  a  reinforcing  strip  on  either  side  can 

only  be  4.5  inches  wide  and,  thus,  the  thickness  of  this  plate  should  be 

7/16  inch.  This  yields  an  area  of  3.2  in  .  These  plates  are  to  extend 

5  inches  past  the  outer  edge  of  the  truss  as  shown  in  Figure  D.3-  Column 

modifications  are  made  as  shown  in  Figures  D.4  and  D.5.  Using  the  3/8- 

inch  plate  as  shown  and  assuming  that  the  resisting  area  extends  above 

the  pin  a  distance  equal  to  the  length  below,  then  the  resisting  area  is 
2 

3.2  in  ,  which  is  sufficient. 
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PROTOTYPE  TRUSS  LOADING 


MODEL  TRUSS  LOADING 

Figure  D.l  Assumed  loading  on  the  prototype  and 
on  the  model  truss.  Loads  are  in  kips. 
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7/4- 


J  u 


#•  =  7/a- 

b.  COLUMN  MODIFICATION 

Figure  D.2  Detail  of  the  modifications  made  to  the  structure  column-truss 
connection. 
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SECTION  AA  SECTION  BB 

Figure  D.3  Detail  of  the  modifications  made  in  the  prototype 
truss  connector  design. 
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''3/8”  PLATE 
(SEE  DETAIL. 
FIGURE  D.S) 


SECTION  AA 

Figure  D.4  Detail  of  the  modifications  made  in  the 
prototype  column  connector  design. 


8-3/ 


NOTE:  SPACERS  WELDED  ON  NEAR  SIDE  AND  ON  FAR  SIDE.  A  LEFT-HANDED  PLATE 
AND  A  RIGHT-HANDED  PLATE  REQUIRED  FOR  EACH  COLUMN.  WELD  FROM 
3/8  INCH  PLATE. 

Figure  D.5  Plate  detail  for  prototype  column  connector  modification. 
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